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ABSTRACT 


The  purpose  of  the  investigation  described  in  this  report  was 
several-fold,  covering  mainly  the  following  points:  1)  to  devise  a  simple 
crack -propagation  specimen  for  evaluating  high-strength  sheet  materials; 
2)  to  determine  the  crack-pr..;jagaiion  characteristics  of  several  high- 
strength  sheet  materials;  3)  to  determine  the  effects  of  several 
experimental  variables  on  the  crack- propagation  characteristics  of  some 
of  tticse  materials;  and  4)  to  determine  the  validity  of  the  creck-propaga- 
tiun  specimen  for  predicting  the  biaxial  strength  of  the  high-strength 
sheet  materials.  A  sheet  specimen  called  the  "shear-cracked"  specimen 
was  used  extensively  in  the  investigation.  This  specimen,  which  contains 
a  central  transverse  crack  or  notch  produced  by  means  of  a  simple 
pimch-and-die  fixture,  can  be  produced  very  rapidly  and  economically. 

It  was  established  that  the  crack- propagation  properties  obtained 
with  the  shear- tracked  specimen  w'ere  very  similar  to  those  obtained 
with  fatigue-cracked  specimens  of  the  quench-hardenable  and  age- 
hardenable  materials.  A  comparison  of  the  crack-propagation  properties 
obtained  with  sheet  specimens  and  the  burst  strengths  of  model  pressure 
vessels  of  two  steels  (AISI  4130  and  AISI  4340)  indicated  that  the  sheet- 
tyjie  crack-propagation  specimen  may  be  useful  in  predicting  the  biaxial 
strength  cf  materials  heat  treated  to  very  high  strength  levels  (in  excess 
of  about  250,000  psi).  At  lower  nominal  strength  levels,  the  crack- 
propagation  specimen  is  apparently  too'"scvere"  a  criterion  of  the 
biaxial  strength  behavior  of  sheet  materials. 
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All  liivi  stigatiuM  of  Methi'cls  for  Deceritlining 
till'  Crack- Propagation  Resistance 
of  High-Strength  Alloys 


I.  INTRODUCTION 

l  lic  gcvu  i  ai  parposcc  thin  program  were  to  establish  a  valid  and 
simplt:  laDoi  atoi  y  tnelliod  ior  assessing  the  resistance  to  crack  propa¬ 
gation  of  high- St rc'ngth  sirtictiiral  materials  and  to  use  this  method  to 
ovahiate  tin'  crack  propagation  resistance  of  a  numoer  of  alloys  under 
various  coiulitions  of  tempcraii.re  and  loading.  Such  information  is 
net  tled  in  llie  selt'ctioii  ..f  materials  tor  highly-stressed  structures  such 
as  liigh- speed  aircraft  and  rocket-motor  casings.  The  need  for  a 
minimum -wt'ight  .structure  in  these  applications  has  dictated  the  use 
t)f  uUia-liigli  otiength  sheet  materials  that  normally  have  inherently 
low  resistance  to  crack  propagation.  In  addition,  many  of  the  service 
condititins  to  which  thi>sc  structures  may  be  exposed,  such  as  low 
temperatures  and  higli  rates  of  stressing,  impose  turther  embrittling 
tendencies  .As  a  result  of  these  over- all  "embrittling  effects, "  failures 
of  these  "high  .strength"  materials  have  occurred  at  applied  stresses 
well  below  Uieii  yield  strengths 

'file  scope  ,>f  the  program  embraces  the  points  listed  below  in  the 
form  of  brief  statements,  in  the  order  of  their  presentation  in  the 
rofiort  riiesi-  aims  are;. 

1.  To  furnish  crack-propagation  data  on  various  high- 
stnuigiii  alloys  in  a  useful  range  of  temperatures. 

2.  To  attempt  to  correlate  crack-propagation  data 
obtained  with  small  sheet  specimens  with  burst 

jiroperties  of  model  pressure  vessels  of  the  same 
1 

iU  U  i  C*1  lUl  . 

3.  To  investigate  the  effects  of  the  following  experimental 
variables  on  crack-propagation  properties: 

(a)  loading  rate 

(b)  tem  pering  temperature  of  steels 

(c)  sheet  thickness 

4.  'fo  compai'c  different  tyj^es  of  crack- propagation  spcci- 
mens  for  siiiiilui-jiies  ana  diiierences  in  me  "properties" 
they  indicate  for  a  given  material. 
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I'll*  oi  (It  r  ol  pi  t'b<  n‘:i'ir)n  of  thost-  points  'S  not  meant  to  imply 
itu';r  rr-ia"'..  ,'in|.oi  i.into;  r..ti-o  i-,  it  represents  a  rational  method  of 
pr>  s-  p'.ii.nt’  Id-  lin-  ulil'zaiion  of  the  experimental  data. 

. ;  H_Am S  lOK  KXPERiMEXTAL  APPROACH 

Tilt-  AS  1  '.I  (  iimnirtee  on  Fracture  Testinji'  ol  High-Strength 
.-'ll*  i-i  Mau'i-iais  iias  rect  ii’ly  published  (1)*  recommended  techniques 
tor  dc’(.r:iun.!it;  crai  k-pi-opagation  cliarac'eristics  In  these  articles, 
the  C'ontur.’ tee  recomiiK  nded  tlie  use  of  twf)  sorts  of  tensile  specimens, 
'lie  specimi  n.s  containing  eithfi*  sharp-edge  notches  or  central  crack¬ 
like  delects  .n  'Ir  invest -.gallon  described  in  this  report,  a  specimen 
design  .1  tlie  la"er  'jpe  was  used  extensively  Tliis  design  is  referred 
to  as  ih('"slii  ai  -erai  ked  specimen"  (Figure  2)  and  is  essentially  a 
niuduica’ion  ol  ’he  cei;'i-al  ''a’lgue-cracked  spec-men  used  by  Srawley 
and  Reaclii-m  (2)  'I'lie  slw-ar-crac ked  specimen  has  the  advantage  of 
being  easily  iir<l  i  conom  <a‘ly  prepared,  with  quite  reproducible  crack 
tiimensioi's 

riiree  general  types  of  criien-j  foi  crack-propagation  resistance 
are  (ifteti  obtai-'to  wt'h  the  notcheti  or  cracki-d  sheet  specimens.  These 
types  an  ;  1)  iio'cit  .strength  or,  equivalently,  ir-t  .fracture  stress,  these 
-.•ulues  being  "laiiniiial  strengths"  obtained  by  ■  •g  fl'.e  ultimate  load 
liy  fh(  or'g.nal  net  supiiort-ng  area;  2)  "perec-.m  .  .  '  in  i.he  fracture, 

winch  ia  a  qu  itn  r .1' ivi-  efctimate  ot  that  [lerccniage  of  the  fracture  surface 
in  w'hich  .scijara’ion  by  shear  occurred;  and  3)  the  "fracture-toughness" 
parameters  — Cip  and  K^^'-wtiich  are  more  tundamental  material  proper¬ 
ties  that  may  lie  determined  with  the  aid  of  the  Griffith- Irwin  fracture- 
mechanics  fh('ory  Tliesc  terms  arc  defined  in  reference  (1).  The 
larger  'he  values  of  or  Kc,  the  greater  is  the  resistance  of  the 
materi.il  to  crack  propagation. 

These  ttirt  t  ctiif  ria  may  be  used  to  define  brittle- to-ductile 
transition  tempe raiures  in  the  following  ways  1)  The  net-fracture- 
stress  transition  'rmpera’are  is  often  defined  as  the  lowest  temperature 
at  winch  »he  nei  tracnire  stress  is  equal  to  the  yield  stress.  For  some 
materials,  it  is  more  convenient  to  define  this  transition  temperature 
as  the  temperature  below  which  there  is  a  sharp  reduction  in  net  fracture 
stres.s  2)  The  "lull-shear"  transition  temperature,  which  is  based  upon 
the  Irac'ure  appearance,  is  the  low'est  temoerature  at  which  failure 
occurs  wi'li  lOO'Tf,  sltear  3)  A  transition  temperature  may  be 

I  Numhers  ni  [lareti'lieses  refer  to  tlie  bibliography 
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cii’!:nc’ii  ii.  torjiis  of  uu'  trirical  fracture- toughness  parameters — 
tlic  stress- iiiU  iisity  factcn-,  jind  the  crack- extension  force — as 
the  teinfieraturi-  hi?lin.v  which  there  is  a  sharp  reduction  in  fracture 
tougiiness. 

Tile  speci  men -design  recommendations  of  the  ASTM  Committee 
fni'  rrnctiiri'-f (Highness  evaluations  have  been  given  in  detail  in  the 
ASTM  Bulletin  (1):  these  requirements  arc  briefly  summarized  as 
tollows: 

1  I  lie  spi'C  linen  width- to- thickness  ratio  should  be 
in  tlu'  range  from  16-to-l  to  45-to-l. 

2.  The  length  of  the  specimen  should  be  such  that  the 
loading- pin  holes  will  be  at  least  2.  5  specimen- 
widths  aftari 

3.  1  he  initial  crack-length  to  specimen- width  ratio  should 
be  from  about  0.  3  to  0  4,  for  center-cracked  specimens, 
h'or  edge- notched  specimens,  the  width  of  the  unnotched 
section  should  be  70%  of  the  ovei  all  specimen  width. 

If  these  requirements  are  met  with  the  sheet  specimen,  it  is  then 
poGttiblc  to  calculate  the  tracturc- toughness  parameter,  when  the 
ultimate  load  and  the  critical  crack- length  are  known.  The  critical 
crack-length  may  be  established  by  marking  the  extent  of  slow  crack- 
extension  by  means  of  a  dye,  such  as  India  ink,  or  by  other  means. 
Alternatively,  an  estimate  of  critical  crack  length  may  be  calculated 
from  the  length  of  the  starting  crack  and  the  percent  shear  in  the 
fracture  surface  (1).  The  fracture- toughness  parameter  calculated 
from  those  latter  values  is  referred  to  as  Kes- 

From  the  calculated  values,  it  is  possible  to  estimate  the 
maximum  flaw  size  that  can  be  allowed  in  a  structure  fabricated  from 
a  given  sheet  material  and  to  estimate  the  yield- strength  level  that 
will  attain  the  best  ''balance"  between  yield  strength  and  fracture 
toughness.  So  that  the  jirobability  of  brittle  fracture  at  stresses  below 
the  yield  strength  is  ininimi/.ed. 
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tll.  EXPElirMENTAL  PROGRAM 

[!\  tlu'  ovnluaiions  of  flu;  sheol  malcriais,  it,  was  the  general 
practice  to  obtain  ihc  s'anclard  tensile  properties  and  the  crack- 
propagation  propcriu'S  of  cacit  material  over  a  range  of  temperatures 
Hint  would  cincr  the  expi-cf.ed  service  temperatures  of  the  material. 

•A  slov.'  rate  of  loading  was  usually  employed,  such  that  the  specimens 
generally  fractia-cd  in  from  2  to  4  minutes.  In  one  phase  of  the  evalua¬ 
tion  pi-ogram,  the  fi-actie-e  properties  of  four  aluminum  alloys  were 
obtained  under  very  specialized  conditions  of  heating  and  loading  that 
simulated  certain  service  conditions  fo  which  aircraft  structures, 
fabricated  fi-om  these  alloys,  may  be  e.xposed.  The  exact  experimental 
conditions  used  for-  eacli  material  and  the  details  of  the  program  to 
correlate  tractuie  i.ouglmess  of  sheet  materials  with  "service  perform¬ 
ance"  of  model  pitssure  vessels  will  be  given  in  subsequent  sections. 


A.  Materials  Evaluated 

In  Table  1.  a  list  is  given  of  -all  of  the  sheet  materials  that  were 
evalutUed,  with  the  sheet  thicknesses  and  the  heat  treatments  used. 


Table  1 


Sheet  Materials  Evaluated 


Material 


Sheet  Thickness,  in. 


Condition 


AMS  6434 
(low-alioy  steel) 


0.064 


Oil-qucnchcd  from  1620*  F; 
tempered  at  400*  F  for  2  hr 


300M 

(low-aEoy  steel) 


0.080 


Oil- quenched  from  1600*  F; 
double  tempered  at  600*  F 
for  3  hr  each  cycle 


Type  301 

(austenitic  stainless- 
steel) 


0.046 


50%  cold  reduced 


ATCT  ai  tin 


(low-alloy  steel) 


>1  «  «  «•  4  A 

wii-qurticueu  jii'Uiii  loiu  r; 
tempered  at  400”  F  for  2  hr 
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Table  1  (Continued) 

Sheet  Materials  Evaluated 

Siicet  Thiokness.  in 

Condition 

AM  350 

(siMiii-aiisUMiii  ic 
st.'iitiless  stc't'l) 

0  040 

Water-quenched  from 

1725"  F:  refrigerated  at 
-105"  F  for  3  hr;  aged  at 
850"  F  for  3  hr. 

17-7  IM? 
(precipiturititi- 
liardciiitifj  si.r.inioss 
stdcl) 

0.040 

Air  cooled  from  1400®  F; 
held  at  50®  F  for  1  hr; 
aged  at  1050®  F  for  11/2 
hr 

AISI  4130 
(low-alldv  stool) 

o.iod 

Oil-quenched  from  1700"  F; 
temperefl  at  825®  F  for  1  hr 

AISI  4130 
(low-alloy  stool) 

0. 100 

Oil -quenched  from  1700®  F; 
tempered  at  400®  F  for  2  hr 

AISI  4340 
(low-alloy  stool) 

0.064 

Oil-quenched  from  1600®  F; 
double  tempered  at  400®  F 
for  2  hr  each  cycle 

Inoonel-X 
(nickel-base-  alloy) 

0.064 

Aged  at  1300®  F  for  24  hr 

AISI  4340 
(low-alloy  steel) 

0. 120 

Oil -quenched  from  1600®  F; 
tempered  at  425°  F  for  2  hr 

7075  Aluminion 

0.  064 

T-6 

7079  Aluniinuni 

0.064 

T-6 

2024  Aluniinuni 

0.064 

T-86 

X  2020  Aluminum 

0.  064 

T-6 
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St-amlcss  muilfl  prc-ssiire  vessels  of  AISI  4130  and  AISI  4340  steel 
were  i)l)!ai!iod  fioin  the  (abricator,  tlie  Kidde  Aero-Space  Division.  The 
hent  treat metU.s  '.ssod  t,>  obtain  {tiven  nominal  sirengtli  levels  in  these 
vessels  a*''>  .show!’,  in  Table  2. 

Table  2 

Mndi’l  I'res.snrc  Vessel  Materials  and  Conditions 


Material  Nominal  Strength  Level 


Condition 


AISI  4130  200,000  psi 

(loW-alloy  steel) 


Oii-quenched  from  1700*  F; 
tempered  at  825“  !•'  for  1  hr 


AISI  4130  240  000  psi 

(low-alloy  steel) 


Oil-quenched  from  1700“  F; 
tempered  at  400“  F  for  1  hr 


AISI  4340  240.000  - 

(low-alloy  steel)  262  000  psi 


Oil-quenched  from  1600“  F; 
tempered  at  425“  F  for  2  hr 


B.  Specimens 

Standard  tensile  specimens  prepared  from  each  of  the  sheet 
materials  had  gage-sections  2  in.  long  by  3/8  .>n.  wide;  A  typical 
tensile  specimen  is  shown  in  Figure  1. 


The  "lugs"  at  the  specimen  gage-points  were  used  to  actuate  a 
special  "clip-on"  fi.vtensometer  that  can  be  used  to  measure  strain  over 
a  wide  range  of  specimen  temperatures. 


The  shear-cracked  specimens,  used  to  obtain  the  crack- 
proiiagation  data,  where  prepared  with  a  special  punch- and-die  fixture 
that  makes  a  transverse  slit  of  the  desired  length  through  the  thickness 
of  the  specimen.  A  typical  shear-cracked  specimen  is  shown  in  Figure  2. 
Four  punch-and-die  fixtures  were  available  for  making  shear-cracks  of 
the  following  lengths;  0.  20  in.  ,  0.  35  in.  ,  0.  58  in. ,  and  about  1. 05  in. 
These  fixtures  can  be  used  on  sheet  thicknesses  up  to  1/8  in.  This 
variety  of  obtainable  .shear  crack  lengths  is  suitable  for  specimen  widths 
up  to  3  in.  tienerally,  two  widths  of  crack- propagation  specimens  were 
used  in  liiis  woik.  For  sheet  uiicknesses  from  G.G4C  in.  luG.GSG  in.  , 
specimens  1.  5  in.  wide  were  used,  with  a  shear-crack  length  of  0.  58 
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Figure  1.  Sheet  Tensile  Specimen 
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in.  I'\)r  siieet  tliiokiit-sses  i!i  excess  of  0.080  in.  ..  specimens  2.65  in. 
v/ide  wore  used,  witli  a  chcai  -crack  jengtlt  of  1.05  m. *  These  dimen¬ 
sions  met  the  requirements  esiabhshed  by  the  ASTM  Committee  on 
l-’ractiire  'resting  of  iiigh  Strength  Sheet  .Materials  (1)  for  width-to- 
thicktiess  ratio  and  for  crack-Icngth-io~ specimen-width  ratio.  The 
crack- propagation  specimens  of  quench  •  hardenablc  and  age  hardenable 
materials  were  shear-cracked  in  die  annealed  condition  and  were  then 
heat  treated. 

The  model  pressure  vessels  used  the  comparative  program 
weie  obtained  in  the  heat-treated  condition  from  the  Kidde  Aero-Space 
Division.  Ihc  AlSi  4130  steel  vessels  wore  205-cu  in.  seamless 
(cold-drawn)  gas  cylinders  5  210  in  m  diameter,  with  a  wall  thickness 
of  0. 105  in.  The  dimensions  of  a  typical  4130  steel  cylinder  are  shown 
in  Figure  3.  Hecause  of  the  lin.ited  amount  of  .sheet  atock  available, 
the  4340  steel  vessels  were  for,r.i  d  to  a  smaller  di.'>m»ter.  (3,  52  in.  ) 
than  the  4130  steel  vessels. 


C.  Equipment  .and  Proci  dure 

A  special  screw-type  tensile  loading  machine,  designed  and  built 
at  .Southern  Uescarch  Institute,  was  used  for  determining  the  standard 
'••nsile  properties  of  the  sheet  materials  (and  for  the  crack-propagation 
specimens  when  rapid  strain  rates  were  required).  With  this  machine, 
a  range  of  .strain  rales  of  from  0.00005  in,  /in.  /sec  to  1.0  in.  /in  /.sec 
can  bii  obtained  foi‘  standard  tensile  specimens  of  2  m.  gage  length. 
Usually,  the  standard  specimens  were  loaded  to  failure  at  a  strain  rate 
of  0.0001  in.  /in.  /sec.  Both  the  load  cell  and  the  extensometer  use 
strain  gages  to  produce  electrical  signals  proportional  to  the  load  and 
to  the  strain  within  the  2- in.  gage  section  of  the  specimen.  The  recorded 
stress-strain  curves  were  photographed  by  a  Polaroid-Land  camera 
from  a  cathode- ray  oscilloscope.  Most  of  this  equipment  was  developed 
during  the  past  seven  years  under  several  research  contracts  sponsored 
by  the  U.  S.  Air  Force.  A  detailed  description  of  the  equipment  is 
contained  in  WADC  TR  57-649. 


*  The  one  exception  was  the  4340  steel  sheet  used  to  obtain  crack- 
propagation  data  for  comparison  with  the  burst  properties  of  the 
4340  utcel  vessels.  Because  of  tne  very  small  amount  of  sheet  stock 
available,  the  crack  propagation  specimens  prepared  from  this 
0.  l20  in.  -thick  stock  were  1.87  in.  wide. 
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Tiif*  crack- propagation  specimens  were  usually  loaded  to  failure 
in  a  Tinius  Olsen  tensile  machine  at  a  free  crosshead- travel  rate  of 
ahoni  0.01  in.  /min  This  rate  caused  fracture  within  2  to  4  min. 

When  it  was  desired  to  derei  mine  fracture  properties  at  very  high 
rates  of  loading,  tlie  crack-propagation  specimens  were  fractured  in 
the  SRI  tensile  machine 

The  desired  specimen  temporafiire  was  obtained  in  the  following 
ways  for  both  tiie  standard  tensile  specimens  and  the  crack- propagation 
specimens.  For  the  low-temperature  work,  the  central  3-in.  section 
of  the  specimen  was  enclosed  in  an  insulated  cold-box  that  was  contin¬ 
uously  swept  witli  cold  nitrogen  gas.  The  nitrogen  gas  was  cooled  by 
passing  it  through  a  heat-exchange  coil  immersed  in  liquid  nitrogen. 

With  this  system,  specimc.i  lemperalures  as  low  as  -250"F  could  be 
attained.  For  the  elevated-temperature  work,  the  specimens  were 
heated  and  then  maintained  at  a  constant  uniform  temperature  by  two 
focused  radiant-heating  fixtures.  Both  surfaces  of  the  specimens:  were 
uniformly  flooded  with  radiant  energy  from  Cl  E.  Type  500  T3/CL. 
tubular  infrared  lamps  with  clear  quartz  envelopes.  The  output  fpom  a 
single,  lamp  in  each  reflector  was  concentrated  iqioti  the  surface  of  the 
specimens  by  a  focused  reflector  in  the  form  of  a  three-quarter  sec'ion 
of  an  elliptic  cylinder. 

Temperature  control  was  cffcc'i.'d  by  means  of  a  36-gage  chromel- 
alumel  thermocouple,  1  lash- welded  to  tne  specimen  and  connected  to  a 
temperature  contioller  working  m  conjunction  with  the  radiant  lamps  for 
the  elevated- temper.mu'e  work,  or  in  coniunction  with  a  solenoid  valve 
in  the  nitrogen-gas  line  lor  the  low  temjierature  work. 

W'ith  the  equipment  described .■  standard  tensile  properties  and 
crack- propagation  propertii  could  be  determined  at  any  temperature 
from  about  -250"  K  to  1200*  I''. 

The  equipment  for  determining  the  burst  strengths  of  the  model 
pressure  vessels  constsleO  of  a  hydiaulic  hand-puaip  connected  to  the 
vessel  by  means  of  special  high-pressure  tubing  and  fittings.  The 
system  pressure  was  read  on  a  bourdon-lube  gage,  which  was  calibrated 
by  means  of  a  dead-weight  gage  tester.  For  the  evaluations  at  room 
temperature,  hydraulic- pump  oil  was  used  as  the  pressurizing  medium. 
For  the  low- temperature  work,  trichlorethylene  was  used  as  the 
hydraulic  medium,  and  the  vessel  was  immersed  in  a  bath  of  trichlor- 
f't.ivlf'ro  cir4ci  luc.  ts'n'pci'stvirf^s 
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temperature  of  ttie  dry- ice  bath  (-105°  F),  additional  cooling  was  effected 
by  means  of  a  heat-e>;cliange  coil  in  the  bath,  liquid  nitrogen  being 
introduced  into  the  coil  until  the  desired  temperature  was  reached.  For 
the  elevated- temperature  work,  the  pressurizing  medium  was  a  high- 
flash- point  turbine  oil,  whic.b  was  also  used  in  the  bath  surrounding  the 
vessel.  The  oil-bath  was  heated  with  immersion  heaters. 


D.  £.lectricai  ivleasurement  of  Siow-Crack  i!.xtension 

.^a  ha.t:  born  prcvi.-vunly  noted,  the  most  direct  method  of  ralculating 
the  critical  fracture-toughness  parameter.  Kg.  depends  upon  knowing  the 
crack  length  at  the  onset  of  rapid  crack-extension.  Probably  the  most 
widely  used  method  of  determining  this  critical  crack  length  has  been  to 
stain  the  fracture  surfaces  formed  during  slow  crack- extension.  However, 
there  are  objections  to  the  use  of  the  staining  method.  First,  the  applica¬ 
tion  of  the  ink-staining  method  is  limited  to  near-ambient  temperature 
environments.  And  st-cond,  there  is  recent  evidence  that  the  presence 
of  aqueous  materials  in  the  slowly  extending  crack  lowers  the  fracture 
strength  of  the  m.aterial  (3). 

In  the  course  of  this  program,  an  electrical  method  of  measuring 
slow-crack  extension  was  developed,  and  some  preliminary  experimental 
work  was  done  using  this  method.  In  the  electrical  method,  a  regulated 
direct  current  of  low  amperage  (10  amps)  was  passed  through  the  specimen, 
and  the  potential-drop  across  t.he  crack  was  recorded  as  a  function  of 
time  as  the  specimen  was  loaded  to  failure.  Connection  to  the  rerording- 
polentionieter  input  w'as  made  by  36-gage  wires  flash  welded  to  the  speci¬ 
men  at  points  in  the  center  of  the  specimen  width  and  on  opposite  sides  of 
the  crack.  Calibration  standards  for  the  method  were  specimens  of  the 
same  material  as  the  experimental  samples  and  containing  cracks  of 
known  length. 

One  limitation  to  this  method  of  determining  crack  length  is  that 
the  method  should  be  applied  only  to  specimens  that  are  in  fairly 
brittle  condition,  in  which  there  is  no  general  plastic  flow  across  the 
net  supporting  section.  This  brittle  state  often  implies  a  low- temperature 
environment,  and  it  is  probable  that  the  electrical  method  is  most  useful 
foi  BpeciiTiens  fiactured  at  low  teinpeiatures. 

The  cursory  invesligation  of  the  picclrical  method  for  measuring 
critical  crack-length  ..as  made  in  conjunction  with  the  evaluation  of 
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shear-cracked  specimens  of  AM  350  and  AISl  4130  Some  data 

obtained  by  means  of  this  jnethod  will  be  shown  in  the  results  for  the 
4130  Steel. 


IV.  EXPERIMENT A.L  RESULTS 

The  experimental  results  for  the  entire  program  are  presented 
the  four  general  sections  which  follow.  In  the  first  section,  crack- 
propagation  properties  (as  obtained  with  shear-cracked  specimens) 
anci  cuinpai'alive  sl<inuard  lens'iie  properties  of  eacii  sheet  material 
are  presented.  For  the  low-allo;-  steels  and  stainless  steels,  these 
properties  have  been  obtained  as  a  function  of  temperature,  at  a  slow 
rate  of  loading.  For  the  aluminum  alloys,  it  was  necessary  to  use 
very  specialized  conditions  of  heating  and  loading  to  obtain  the  desired 
data,  and  these  data  are  given  in  a  separate  sub-section. 

Some  of  these  basic  data  reported  in  the  first  section.  A,  entitled 
"Evaluation  of  Crack-Propagation  Characteristics  of  Sheet  Materials," 
will  again  be  utilized  for  comparative  purposes  in  subsequent  sections 
which  deal  with;  B)  correlation  of  crack- propagation  data  with  burst 
strengths  of  model  pressure  vessels,  C)  effects  of  several  experimental 
variables  on  crack- propagation  properties,  and  D)  comparison  of  results 
obtained  with  different  types  of  crack -propagation  specimens. 


A.  Evaluation  of  Crack-Propagation  Characteristics  of  Sheet  Materials 

1 .  Low-Alloy  Steels  and  Stainless  Steels 

The  results  of  tlie  evaluations  of  the  low-alloy  steels  and  stainless 
steels  are  piesented  in  tables  and  graphs  which  are  identified  as 
follows: 


Sheet  Material 
AMS  6434 
AMS  6434 


Properties 


Standard  tensile 
Crack-  Propagation 


Table  No. 

3 

4 


Figure  No. 

4 

4&5 

6 
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300M 


Standard  tensile 


5 


Sheet  Maieri.'’! 

Properties 

Table  No. 

Figure  No 

300  M 

Crack- propagation 

6 

6 

301  (50%  CR) 

Crack-propagation 

7 

7 

AISI  4130 

Standard  tensile 

8 

8 

(C.  040  in.  til  1C k, 
240,000  psi  level) 

Crack-propagatior, 

9 

8 

-4*.  - 

•  • 

AM  350 

Standard  tensile 

10 

9 

Crack- propagation 

11 

9 

17-7  PH 

Standard  tensile 

12 

10 

Crack- propagation 

13 

10 

AISI  4130 

Standard  tensile 

14 

11 

(0. 100  in.  thick 
200,000  psi  level) 

Crack-  propagation 

15 

11  &12 

AISI  4130 

Standard  tensile 

16 

13 

(0. 100  in.  thick, 
240,000  psi  level) 

Crac  k-  propagation 

17 

13 

AISI  4340 

Standard  tensile 

18 

14 

(0.  064  in.  thick) 

Crack-propagation 

10  &19A 

14 

Inconel-X 

Standard  tensile 

20 

15 

Crack-propagation 

21 

15 

AISI  4340  fvacuuin 
remelted) 

(0.  120  in.  thick) 

Crack-propagation 

22 

16 

The  data  tables  are  included  in  Appendix  A.  The  figures  showing 
comparative  standard  tensile  properties  and  crack- propagation  proper¬ 
ties  for  each  of  the  steels,  together  with  a  short  discussion  of  the 
results,  are  presented  in  the  following  pages.  It  should  again  be  noted 
that  the  crack  propagation  specimens  used  to  obtain  these  data  were 
shear-cracked  specimens  of  either  1.  5  in. ,  1.  87  in.  ,  or  2.  65  in.  over¬ 
all  width,  depending  upon  sheet  thickness.  These  specimens  were  loaded 
to  laHui'e  aiowly  at  vai  ioua  temperaiureti  iracLui  e  oCourllig  in  ii-uiii  2  to 
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4  min  after  loading  was  initiated.  The  crack-propagation  data  shown  in 
the  figures  are  net  fracture  stress®  (or,  identically,  notch  lensile 
strength)  and  the  percent  shear  in  the  fracture  surface.  This  percent 
shear  value  is  defined  ns  the  percent  of  the  specimen  thickness  repre¬ 
sented  by  shear-borders  in  the  fracture  surface,  as  measured  at  a 
point  from  one  to  two  times  the  specimen  thickness  from  the  end  of  the 
specimen. 

For  one  material.  AISI  4130  sheet  (0.  100  in.  thick,  200,000  psi 
atrength  level),  values  a.^-e  plotted  in  Figaic  12  as  a  function  of 
temperature  Two  values  of  obtained  with  the  aid  of  tiie  electrical 
method  of  measuring  critical  crack  length,  are  also  plotted  in  Figure  12. 
For  many  of  the  s.heet  materials  evaluated,  K(>3  values  arc  shown  in  the 
data  tables.  Appendix  A,  along  with  the  other  properties,  net  fracture 
stress  and  fracture  appearance 


®  The  use  and  limitations  of  net  fracture  stress  as  an  indication  of  crack- 
propagation  resistance  have  been  reviewed  in  detail  by  J.  E.  Srawley  (2). 
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The  standard  tensile  properties  and  fracture  properties  of  tlie 
AMS  6434  steel  are  compared  in  Figure  4  for  the  temperature  range 
from  -200*  F  to  600*  F.  The  fracture  surfaces  of  the  specimens  are 
shown  in  Figure  5.  The  full- shear  transition  tem|>erature  for  this 
material  was  -100“  F.  The  transition  temperature  as  indicated  by  the 
net  fracture  stress  is  good  agreement  with  the  full- shear  transition 
temperature.  For  the  standard  tensile  specimt-rs,  both  the  0.  2%- 
offset  yield  stress  and  the  ultimate  tensile  stress  show  a  marked 
"maximum"  at  about  350*  F.  This  maximum  corre.ated  with  a  decrease 
in  net  fracture  stress.  It  is  believed  that  these  effects  are  a  result  of 
strain  aging. 


SOUTHERN  RESEARCH  INSTI'^UfC 


V 


Figure  5,  Appearance  of  fractur5  surfaces  of  shear-cracked  AMS  3434  steel 
sheet  loaded  to  failure  at  te.nporatures  from  -200 "F  to  300“  F. 


ant*  fra*  «•••  ••  (*r**|wrti»*a  of  lu  o»  ♦»■«•  *•«•*>*  )>*ii(*tlutlliinl 
nprt  imrttR  of  300  \t  at****!  **»**■••! 
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The  rtandard  tensile  properties  and  crack- propagation  proper¬ 
ties  of  the  300  M  alloy  are  shown  in  Figure  6,  for  the  temperature 
range  from  -200°  F  to  800°  F.  This  alloy  has  a  less  well  defined 
fracture-appearance  transition  temperature  than  does  the  AMS  6434 
steel,  and  the  net  fracture  stress  does  not  approach  the  yield  strength 
below  800°  F.  This  is  a  marked  drop  in  net  fracture  stress  in  a  broad 
temperature  range  from  about  250°  F  to  700°  F,  which  effect  may  be 
associated  with  the  strain-aging  "maximum"  shown  in  the  standard 
tensile  properties. 
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The  standard  tensile  and  crack- propagation  properties  of  Type 
301  full-hard  (50%  cold- reduced)  stainless  steel  sheet  are  compared 
in  Figure  7.  These  properties  were  obtained  for  the  temperature 
range  from  -200*  F  to  600*  F.  The  shear-cracked  specimens  of  this 
material  had  considerable  ductility  even  at  the  lowest  temperature 
(-200*  F),  and  the  net  fracture  stress  corresponded  closely  to  the 
ultimate  tensile  strength  over  the  entire  temperature  range,  being 
highest  at -200*  F. 
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In  Figure  8  is  shown  a  comparison  of  the  standard  tensile  proper¬ 
ties  and  crack-propagation  properties  of  0.040- in.  -  thick  AISI  4130 
sheet,  heat  treated  to  a  nominal  strength  level  of  240,000  psi  (tempered 
at  400*  F).  This  tempering  treatment  resulted  in  the  rather  low  transi¬ 
tion  temperature  of  about  -150®  F  for  the  4130  sheet.  Again,  the  "strain¬ 
aging  effect"  was  evident,  there  being  a  maximum  in  ultimate  tensile 
strength  and  a  minimum  in  sharp-notch  strength  at  350*  F. 
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Figure  9  .shows  a  comparison  of  the  standard  tensile  properties 
and  fractal  e  properties  of  AM  350  sheet  (0.040  in.  thick)  in  the  SCT 
(850)  condition.  This  material  had  a  transition  temperature  of  -50“  F, 
on  the  basis  of  net  fracture  strength,  and  -100*  F.  on  the  basis  of 
fracture  appearance. 
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This  figure  shows  standard  tensile  properties  and  fracture 
properties  of  0.  040  in.  -  thick  17-7  PH  sheet  in  the  TH  1050  condition. 
The  fracture  data  obtained  with  shear- cracked  specimens  indicated  a 
rather  indefinite  fracture-appearance  transition  range,  with  a  full 
shear  temperature  of  about  300*  F.  The  net-fracture  strength  data 
also  showed  a  fairly  broad  and  poorly  defined  transition  range. 
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Figure  11  shows  the  standard  tensile  inoiieriies  and  crack- 
propagation  properties  of  0. 100- in  -ihick  AISl  4130  steel  sheet  at  the 
200,000  psi  strength  level  (tempered  at  825*  F)  For  this  material, 
there  was  a  sharp  brittle-ductile  transition,  as  shown  by  fracture 
strength  and  fracture  appearance,  at  a  temperature  of  -50* F.  There 
was  also  evidence  of  slruin-aging  effects  at  300-350* F,  These  data 
will  be  utilized  in  a  subsequent  section  for  comparison  with  the  burst 
properties  of  model  pressure  vessels  fabricated  from  4130  steel  and 
tempered  to  the  same  strength  level  (200,000  psi) 
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In  Figure  12  are  plcttefl  values  of  fracture  appearance  and  frac¬ 
ture  toughness,  Kc3,  as  a  function  of  temperature  for  the  AISI  4130 
steel  at  the  200,000  psi  strength  level.  The  values  were  calculated 
from  the  maximum  load  data,  the  initial  crack- length  values,  and  the 
fracture- appearance  data  for  the  shear-cracked  specimens.  For  two 
specimens,  one  fractured  at  room  temperature  and  one  at  -150 *F, 

Kj,j  values  were  calculated  from  critical  crack  lengths  measured  by  the 
ink-stain  method  or  by  the  electrical  resistance  method  The  brittle- 
ductile  transition  temperature  of  this  material  wa.s  shown  to  be  -50“  F 
'  y  the  fracture- U/ughness  criterion  as  well  as  by  the  fracture-strength 
and  fracture-a()pearancc  criteria. 
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Here  is  shown  a  cinnparison  of  the  standard  tensile  properties 
and  crack-propagation  properties  of  0  lOO-in  -thick  AIS)  4130  steel 
sheet,  heat  treated  to  240,000  psi  nominal  tensile  strength  level 
(tempered  at  400*  F).  The  transition  temperature  of  this  material 
was  -100*  F,  and  there  was  a  pronounced  stram-aging  maximum  in 
smooth  tensile- strength  values  that  coincided  with  a  drop  in  fracture 
strength  at  about  350*  F.  These  data,  obtained  with  sheet  specimens, 
will  also  be  presented  graphically  in  a  later  section  which  compares 
the  properties  of  sheet  specimens  with  the  burst  properties  of  model 
vessels. 
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Figure  14  shows  the  resui's  o>  an  evalua*  o”  m.i'if-  0.063-j'n  • 
thick  AISI  4340  sieoi  shet?t.  specimetis  fi/P  «ianda>''J  properties  and 

fracture  properties  This  ma*erial  was  heat  >.rr a»Fri  to  a  nominal  strength 
level  of  280,000  psi  (tempered  a*  400*  F)  Two  =or'f  of  shear-cracked 
specimens  were  used;  th».*  usual  type — as  appears  ;n  Figure  2,  and  a  few 
specimens  that  were  "flattened"  aftei  shear-crack. ng  to  remove  the 
protrusions  and  the  discontinuity  in  the-  shee*  plane  BoMi  types  of 
shear-cracked  specimens  indicated  die  same  ra'her  broad  transition 
range.  The  best  estimate  of  a  "transition  tempera’ui  e"  is  about  75‘  F  , 
on  the  basis  of  the  two  critert.i  net  fraciure  stress  and  frac'ure  appear¬ 
ance.  Tlie  "strain-aging  effect,"  at  a  temperature  of  about  OSO^F,  was 
quite  pronounced.  The  "fiaitened"  specimens  were  slightly  more  sensi¬ 
tive-showed  lower  net  fracture  stress  — than  the  "slandard"  slu-ai  - 
cracked  specimens. 


ftOUTMCMN  MCtKAIICH  INSTlTUrC 


'  y.  .•  »•«  IW®*  >■ 

Figure  15  shows  a  coiuparison  of  llie  standard  tensile  properties 
and  crack-propagation  properties  of  0.064-in.  -thick  Inconel-X  sheet, 
aged  at  1300* F  for  20  hr.  As  is  evident  in  this  figure,  the  Inconel-X 
is  quite  notch- insensitive  owr  fhc  wide  temperature  range  from  -200*  F 
to  1000*  F. 
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This  figure  shows  the  results  of  an  evaluation  of  shear-cracked 
specimens  of  0.  120- in.  -  thick,  vacuum  remelted,  AISI  4340  sheet,  oil- 
quenched  from  1600"  F  and  tempered  2  hr  at  425“  F.*  Because  of  the 
limited  amount  of  sheet  stock  available,  no  standard  tensile  specimens 
were  prepared:  the  shear-cracked  specimens  used  were  1.87  in.  wide. 
The  crack-propagation  transition  temperature  for  this  material,  as 
shown  by  a  sharp  decrease  in  net-fracture  stress  and  in  percent  shear, 
is  about  0*  F.  These  data  will  again  be  used  to  compare  with  burst 
properties  of  4340  steel  model  vessels,  at  the  same  strength  level. 


This  material  was  decarburized  at  some  point  in  the  production  of  the 
sheet,  and  the  nominal  strength  level  obtained  by  the  indicated  heat  treat¬ 
ment  wag  in  the  range  of  240,000-262.000  pat 
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2.  Aluminum  Alloys 

Aircraft  structures,  fabricated  from  aluminum  alloys,  may  be 
exposed  to  certain  service  conditions  that  impose  sudden  heating  and 
stressing.  Information  is  needed  on  the  resistance  to  crack-propaga¬ 
tion  of  aluminum  structural  .sheet  alloys  under  these  simulated  service 
conditions.  Kour  aluminum  alloys — 7075-T6,  7079-T6,  2024-T86,  and 
X2020-T6 — have  been  evaluated  to  determine  the  effects  on  fracture 
properties  of  very  rapid  stressing  following  two  differenL  heating  condi¬ 
tions —  heating  very  rapidly  to  temperature  and  immediately  loading  to 
failure  or  heating  to  tempe.rat  irc  and  holding  for  30  min  before  loading. 
Both  standard  tensile  properties  and  fracture  properties  were  determined 
fur  each  experimental  condition. 

The  standard  tensile  specimens  and  crack-propagation  specimens 
were  prepared  from  0.063-in.  thick  sheet  samples  of  the  four  alloys, 
which  were  obtained  in  the  heat-treated  condition  from  the  Aluminum 
Company  of  America.  The  shear- cracked  specimens  were  1.  5  in.  in 
over- all  width,  the  crack-length  to  specimen- widtli  ratio  being  about 
0.38. 

The  experimental  conditions  used  for  each  alloy  were  as  follows; 
temperatures  of  75®  F,  200°  F,  300*  F,  and  400*  F;  holding  times  at 
temperature  (before  loading)  of  0  sec  and  1800  sec;  time  to  reach 
temperature — 4  sec;  strain  rate  of  0. 1  in.  /in.  /sec  This  strain  rate 
was  such  thai  the  0.  2%-ufrsel  yield  strength  of  standard  tensile  speci¬ 
mens  was  reached  in  0.  1  sec  or  fracture  of  the  crack- propagation 
specimens  was  produced  in  about  0.  1  sec. 

The  specimens  were  loaded  to  failure  in  the  Southern  Research 
Institute  rapid  tensile  machine.  Heating  was  effected  by  means  of 
radiation  lamps,  which  were  regulated  by  thermocouples  flash-welded 
to  the  specimen  and  operating  through  a  temperature  controller. 

Fracture  properties  were  determined  for  all  conditions  of  temp¬ 
erature  and  holding  time  with  shear-cracked  specimens. 

All  of  the  data  are  presented  in  tables  and  graphs  as  shown  below; 

Alloy _  Properties _  Table  No.  Figure  No. 


7n75-T6 


7075-T6 


Standard  tensile 


Crack-propagation 


23 

17 

24 

17 
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Alloy 

Properties 

Table  No. 

Figure  No. 

7079-T6 

Standard  tensile 

25 

18 

7079- t6 

Crack- propagation 

26 

18 

2024-T86 

Standard  tensile 

27 

19 

2024-T86 

Crack  -  propagation 

28 

19 

X2020-T6 

Standard  tensile 

29 

20 

X2020-T6 

Crack- propagation 

30 

20 

These  data  tables  are  given  in  Appendix  A.  The  figures  (17-  20)  showing 
comparative  standard  tensile  properties  und  crack-propagation  properties 
for  each  of  the  aluminum  alloys,  with  a  discussion  of  the  results,  follow 
immediately.  (In  a  subsequent  section,  a  comparison  will  be  shown  of 
crack-propagation  properties  obtained  with  the  shear-cracked  specimens 
and  with  fatigue-cracked  specimens  of  the  four  aluminum  alloys,  loaded 
to  failure  in  0. 1  sec. ) 
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As  is  shown  in  Figure  17,  the  standard  tensile  properties  of 
the  7075-T6  alloy  decreased  steadily  with  inci  easing  temperature 
In  the  range  from  200*  F  to  300*  F,  ultimate  strength  of  the  samples 
held  for  1800  sec  at  temperature  before  loading  was  slightly  higher 
than  the  zero-holding- time  specimens,  but  at  400*  F  this  trend 
reversed  probably  as  a  result  of  over- aging.  At  room  temperature, 
the  fracture  strength  was  somewhat  below  the  yield  strength,  reflect¬ 
ing  a  moderately  brittle  condition  of  this  alloy.  As  the  temperature 
was  increased  above  75*  F,  the  fracture  strength  approached  the 
yield  strength,  and  at  about  250*  F,  the  full  yield  strength  of  the 
material  was  realized  even  in  the  presence  of  the  crack- like  defects 
represented  by  shear  cracks.  The  fracture  strength  of  the  shear- 
cracked  specimens  held  for  1800  sec  at  temperature  before  loading 
increased  with  increasing  temperature. 
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Figure  Iti  shows  the  comparison  of  properties  for  the  7079*T8 
alloy.  The  standard  tensile- strength  properties  of  the  7O79-T0  showed 
a  slight  maximum  at  200*  F  that  coincided  with  a  slight  dip  in  net 
fracture  strength.  At  all  temperatures,  however,  the  net  fracture 
strength  was  very  close  to,  or  in  excess  of,  the  yield  strength.  No 
pronounced  effects  of  holding  time  were  evident  for  the  7079-T6 
material,  with  the  exception  of  an  indication  of  apparent  over- aging 
at  400 ’F. 
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Figure  19  shows  the  coinparisun  of  tensile  and  fracture  properties 
for  the  2024-T86  aluminum.  Increasing  temperature  produced  a  mod¬ 
erate  and  almost  linear  decrease  in  standard  strength  properties  of 
this  material.  Fracture  strength,  which  v/as  above  the  yield  strength  at 
room  temperature,  fell  below  the  yield  strength  in  the  range  from  200*  F 
to  300*  F  and  was  equal  to  the  yield  strength  at  400*  F.  There  were  no 
pronounced  effects  of  holding  time  on  the  strength  properties  of  this 
alloy  at  temperatures  up  to  300®  F,  but  at  400°  F  there  was  a  slight 
amount  of  over-aging  as  indicated  by  the  decrease  in  yield  and  ultimate 
strength  with  increasing  holding  time. 
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The  tensile  arid  fractux'e  properties  of  X  2020-T6  are  shown  in 
Figure  20.  The  reduction  of  tensile  sU  ength  properties  resulting  from 
30  min  holding  time  at  temperature  was  slightly  more  pronounced  i.a 
the  X  2020  T6  alloy  than  in  the  other  aluminum  alloys.  The  fracture 
strength,  which  was  not  appreciably  affected  by  holding  time,  was 
well  below  the  yield  strength  at  temperatures  below  about  400*  F.  The 
X  2020-T6  was,  on  this  basis,  the  most  "brittle"  of  the  four  alloys. 
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Evalviation  of  Mofiri  Pressure  Vessels 


The  ultimate  aim  of  the  crack- propagation  test  is  to  predict  the 
service  performance  of  missile  motor  cases  and  other  structures  exposed 
to  complex  stress  states.  One  iniportant  phase  of  this  investigation  has 
been  concerned  wiih  correlating  crack-propagation  properties,  as 
measured  with  cracked  specimens,  with  burst  properties  of  model 
pressure  vessels  fabricated  of  the  same  material.  Two  high-strength 
steels  were  used  in  this  investigation — AISI  4130  and  AISI  4340.  The 
model  vessels  fabricated  from  these  steels  were  seamless,  having  been 
formed  entirely  by  drawing  and  spinning  techniques.  In  such  form,  the 
vessels  contained  no  stress-conceniratjng  defects  such  as  are  often  pro¬ 
duced  by  joining  operations.  Therefore,  the  burst  properties  of  these 
vessels,  in  which  the  effects  of  fabrication  were  kept  to  a  minimum, 
represented  more  nearly  the  inherent  biaxial  strengths  of  the  materials 
themselves. 

The  maximum  hoop-stress  values  and  fracture  appearance  data 
for  the  model  vessels  are  given  in  the  data  tables  and  graphs  as  shown: 


_ Vessel  Material _ 

AISI  4130  -  200.000  psi  strength  level 
AISI  4130  -  240,000  psi  strength  level 
AISI  4340  -  240,000  -262,000  psi  strength  level 


Table 

Figure 

No. 

No. 

31 

21  &22 

32 

23 

33 

24  -  27 

The  data  tables  appear  in  Appendix  A.  The  figures,  showing  burst 
properties  of  the  vessels  and  tensile  and  fracture  properties  of  the 
comparative  sheet  specimens  plotted  as  functions  of  temperature  are 
presented  in  the  following  sections.  Brief  discussions  of  the  results 
are  also  given,  and  photographs  of  some  of  the  fractured  vessels  are 
shown. 
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Figure  2l  shows  the  burst  strength  and  fracture  appearance  data  I 
for  the  200,000  psi  strength  "cvcl  AISI  4130  steel  vessels  and  the 
standard- tensile  and  crack-propagation  data  obtained  with  sheet  speci¬ 
mens  of  the  same  nominal  strength  level.  Hoop  stress  at  burst  generally 
decreased  with  increasing  temperature,  and  no  fracture- stress  transition 
temperature  was  evident  for  Uie  vessels. 

As  is  shown  in  Figure  22,  the  4130-steel  vessels,  in  this  ductile 
condition,  deformed  consido."ably  before  fracture,  particularly  at  room 
temperature  and  at  elevated  temperatures.  Tn  the  vessels  fractured  at 
-105*  F  and  -160*  F,  the  fractures  extended  into  or  completely  through 
the  end  closures,  indicating  that  some  rapid,  low-energy  extensions  of 
the  fractures  occurred  at  those  temperatures.  These  fractures  that 
extended  into  the  thicker  end-closure  regions  were  characterized  by 
increasing  tendency  toward  brittle  fracture,  becoming  fully  britile  (flat 
tensile)  in  the  thickest  portions  of  . the  end  closures. 
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Figure  22.  Typical  model  vessels  of  AISI  4130  steel,  heat  treater  to  200,000  psi  strength 
level,  fractured  at  temperatures  from  -160“  F  to  365‘  F. 


-38- 


*  (!•  iN-i  ;■  li»i-  6))  i»ur», 

•  .  ...  ...  ,  :  •  •  IWi-..  ,  ,.J 


Data  presented  previously  (Figure  8)  have  shown  that  AISI  4130 
steel  (0.040-in.  -thick  sheet)  heat  treated  to  240,000  psi  strength  level 
(tempered  at  400*  F)  has  good  fracture  toughness  and  a  low  transition 
temperature,  -150"  F.  In  view  of  these  properties,  it  was  thought 
advisable  to  evaluate  a  few  4130  steel  vessels  at  the  240,000  psi  strength 
level  to  determine  the  biaxial  properties  of  this  material.  The  results 
of  this  evaluation  and  the  comparative  properties  of  shear- cracked 
specimens  and  standard  tensile  specimens,  prepared  from  0. 100- m.  - 
thick  sheet,  are  shown  in  Figure  23.  On  the  basis  of  these  few  data, 
it  is  evident  that  the  biaxial  strength  of  this  material  is  excellent — 
essentially  300,000  psi  at  room  temperature  and  at  -105*  F  There 
was  a  wider  spread  of  burst  strength  values  at  -105*  F  than  at  75*  F, 
but  there  are  insufficient  data  to  take  this  as  an  indication  of  a  tendency 
toward  "brittleness.  "  However,  the  fracture-appearance  data  for  the 
vessels  do  indicate  a  possible  tendency  toward  brittleness  at  -105®  F. 
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Here  are  shown  the  results  of  the  evaluation  of  the  AISI  4340 
steel  (vacuum  remelted)  vessels  and  the  comparative  data  obtained 
with  shear- cracked  specimens  from  the  same  sheet  stock  as  the  vessels. 
Originally,  it  was  p!ann*»d  to  evaluate  4340  model  vessels  heat  treated 
to  two  nominal  strength  levels — 180,000  psi  and  290,000  psi.  However, 
it  was  found  that  ihe  vacuum- remelt  4340  sheet  stock,  from  which  the 
vessels  were  formed,  had  been  decarburized  to  a  considerable  degree 
at  some  stage  in  the  processing  of  the  sheet.  Since  the  290,000  psi 
strength  level  could  not  be  attained  with  the  decarburized  stock,  it  was 
decided  to  use  one  heal  treatment  for  all  of  the  vessels.  The  vessels 
were  hardened  and  Iheti  tempi  red  at  425*  F,  this  treatment  producing  a 
range  of  nominal  strength  240  ^00  not  9R9  (Wjo  not  jj;  companion 

tensile  bars 
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Because  of  fue  iimitod  amount  of  sheet  stock  available,  vessels 
fabricated  from  the  4340  stock  were  of  smaller  diameter  (3.  52  in. ) 
than  were  ,.ie  4130  vessels  (5.  21  in. )  described  previously  and  shown 
in  Figure  3.  The  length  of  the  cylindrical  section  of  the  4340  vessels 
was  approximately  9.  5  in.  ,  and  the  nominal  wall  thickness  was  0.095  in. 
Burst  properties  of  these  vessels  were  determined  at  three  temperatures, 
75“  F  (six  vessels),  -20*  F  (six  ve.‘:scls).  and  -105“  F  (seven  vessels). 

As  is  .shown  in  Figure  24,  the  highest  and  most  consistent  values 
of  biaxial  strength  were  obtained  at  -20“  F.  Because  of  the  much  wider 
spread  in  burst  stj-engths  obtained  at  -105“  F,  together  w'ith  the  generally 
lower  values  at  -105“  F,  it  is  probable  that  -20“  F  can  be  taken  as  an 
approximate  "transition  temperature"  for  the  vessels.  The  same  trend 
is  reflected  in  the  fracture- appearance  data  for  the  vessels.  It  is 
interesting  that  the  net-fracture- strength  data  and  the  fracture-apfsearance 
data  obtained  with  shear-crackeu  specimens  also  tend  to  show  a  transition 
from  ductile  to  brittle  behavior  of  this  4340  material  in  the  same  general 
temperature  region,  specifically  at  0“  F  for  the  shear-cracked  specimens. 
It  should  be  pointed  out  that  the  20-degree  discrepancy  between  transition 
temperatures  for  the  vessels  and  the  shear-cracked  specimens  may  be 
due  in  part  to  a  thickness  difference.  The  shear-cracked  specimens  were 
prepared  from  a  piece  of  the  original  sheet  stodt  from  which  the  bottles 
were  formed,  this  stock  being  initially  0. 120  in.  thick.  The  final  thickness 
of  the  vessel  walls  was  0.  095  in.  It  might  be  expected  that  the  shear- 
cracked  specimens  would  exhibit  a  slightly  higher  transition  temperature 
than  the  thinner  material  of  the  vessel  walls  (4). 


On  the  basis  of  these  limited  daia  presented  in  Figure  24  for  the 
AISI  4340  steel,  it  seems  evident  that  there  is,  to  a  significant  degree, 
a  corr  ..  !  •  i  e  burst  properties  of  the  vessels  and  the  net- 

fracture-strengtn-uaia  and  fracture- appearance  data  obtained  with 
crack-propagation  specimens.  These  comparative  data  show  that  at 
temperatures  below  0*F  there  is  much  greater  probability  of  premature 
failure  of  the  vessels  at  relatively  low  applied  stresses  even  though 
these  vessels  are  relatively  free  from  fabrication  defects  such  as  might 
be  present  in  weld  zones.  The  detrimental  effects  of  such  fabrication 
defects  as  are  sometimes  present  in  welds  on  the  biaxial  strength  of  ultra- 
high-strength  sheet  materials  has  been  ret.’ently  demonstrated  by  other 
investigators  (9). 


o  qopha  typtcsl  fractured  4340  wtccl  vessels  sre  sliown 
in  Figure  25,  (for  the  experiments  at  70*  F),  Figure  26  (-20*  F),  and 
Figux-e  27  (-105*  F)  One  of  the  vessels,  B-14  (Figure  27  burst  in  a 
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Fic^irw  2S.  Typical  vessela  of  AISI  4340  ateel  (24O,O0Q-3n,aQO  pat 
nominal  atrenKth  level)  frarlureil  at  T9*P. 
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Figun 


ri^ur*  27.  Typical  vesaela  of  AISI  4340  ateel  (240,000>202,000  pal 
nominal  atrenath  lavei)  fractured  at  -109*  P. 


rather  '’typiraily'’  brittle  manner  ai  -105"  F,  at  a  hoop  stress  of  269,000 
psi.  In  rnis  "brittle"  failure,  circumferential  extension  of  the  fracture, 
just  above  the  eenter  of  Uie  vessel,  cut  the  vessel  in  two.  This  portion 
of  the  fracture  was  ahiKjst  completely  cleavage  (flat  tensile),  whereas 
the  ntai.i  longitudinal  fracture  in  this  vessel  was  60%  sliear.  It  is 
interesting  that,  at  each  temperature,  the  lowest  burst  strengths  were 
obtained  with  vessels  that  exhibited  "smooth"  fracture  surfaces,  consisting 
largely  of  shear,  but  with  the  fracture  extending  in  one  plane  in  one 
direction  from  the  point  of  initiation  in  the  wall  and  m  another  plane  in 
the  other  direction  from  the  initiation  point.  In  the  vessels  with  the 
highest  burst  strengths,  the  fracture  surfaces  on  each  side  of  the  initia¬ 
tion  points  tended  to  alternate  from  one  plane  to  another,  creating  a 
"serrated"  effect.  These  phenomena  are  evident  in  the  photographs  of 
the  vessels.  Figures  25-27. 

It  has  teen  stated  that  the  4340  sheet  stock,  from  which  the  bottles 
were  formed,  was  known  to  have  been  decarburized  to  a  significant,  but 
variable,  extent.  To  give  added  insight  into  the  behavior  of  the  4340 
vessels,  a  limited  metallographic  examination  of  samples  of  the  vessels 
was  made  to  determine  the  degree  of  decarburization  near  the  point  of 
fracture  initiation  of  each  vessel.  Inclusion  counts  were  also  made  on 
these  samples.  Samples,  adjacent  to  the  metallographic  samples,  were 
obtained  for  chemical  analyses  for  phosphorus,  sulphur,  and  residual 
gase.s  —  oxygen,  hydrogen,  and  nilrogen.  The  results  of  these  examina¬ 
tions  and  analyses  are  presented  in  Appendix  B.  p.  106. 


C.  Effects  of  Experimental  Variables  on  Crack- Propagation  Character 
istics  of  Sheet  Materials 


Certai.i  environmental  and  material  variables  have  been  shown  to 
have  a  controlling  effect  on  the  mechanism  by  which  very  high  strength 
materials  will  fail.  Some  data  have  been  presented  on  the  effects  of 
sheet  thickness  (4),  and  some  rathor  pxtrp.siv  investigations  have  been 
made  of  the  effects  of  nominal  strength  level  on  crack-propagation 
characteristics  (5).  Some  very  limited  data  are  available  showing  the 
influence,  or  relative  lack  of  influence,  of  loading  rate  on  crack- 
[iropagation  properties  (4).  In  very  brief  summary,  it  can  be  stated 
that  generally  these  investigations  have  shown  that  increasing  sheet 
thickness  and  increasing  nominal  strength  level  both  ♦end  to  increase 
the  probability  of  brittle  fracture.  II  might  he  expected  that  increnaing 
the  loading  rate  would,  by  dynamic  elevation  of  the  yield  strength,  also 
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increase*  the  probability  of  brittle  fracture,  although  apparently  little 
experimental  evidence  has  been  »)btained  to  substantiate  this  latter 
conjecture. 

In  thin  investigation.,  tlie  effects  of  these  three  variables  have 
been  touched  upon  to  a  very  limited  degree.  In  the  following  sections, 
use  i.s  made  of  crack- propagation  data  already  reported  in  Section  IV- 
A  to  show  the  effects  of  tv/o  different  tempering  temperatures  and  two 
different  sheet  thicknesses  on  the  fracture  properties  of  AISI  4130  steel 
Some  additional  data  were  obtained  for  17-7  PH  and  AM  350  steels  at  a 
very  fast  loading  rate,  and  these  data  are  compared  with  the  slow- 
loading- rate  data  from  Section  IV- A  to  show  the  effects  of  two  different 
loading  lates  on  fracture  properties. 


1.  Effect  of  F.oading  Rate  on  Crack -Propagation  Characteristics 

The  two  sheet  materials  selected  for  this  study  were  the  austenitic 
or  semi- austenitic,  precipitation-hardening  stainless  steels — 17-7  PH 
and  AM  350.  Since  these  materials  are  characteristically  rather  unstable, 
it  was  believed  that  they  might  be  responsive  to  changes  in  strain  rate. 

Two  different  types  of  crack-propagation  specimens  were  used  in  these 
experiments.  For  the  AM  350  sheet,  shear-cracked  specimens  and 
fatigue-cracked  .specimens  were  used;  for  the  17-7  PH  sheet,  fatigue- 
cracked  specimens  only  were  used,  ihe  fatigue-cracked  .specimens 
were  prepared  by  axially  fatigue  loading  specimens  with  sub-size  shear- 
cracks  (0.  40  in.  long)  until  the  cracks  had  extended  to  the  desired  length 
(about  0.  60  in.  <»vpr-all). 

The  samples  were  loaded  to  failure  within  0. 1  sec,  in  the  Southern 
Research  Institutr  rapid  tensile  machine,  within  the  same  general 
temperature  range  used  jirevioasly  to  obtain  the  slow-loading  rate 
data.  The  two  nominal  loading  rates  used  were  rather  widely  disparate, 
being  about  1  x  10’  psi/sec  and  2  x  10*  psi/sec. 

The  properties  obtained  for  these  two  alloys  at  the  fast  loading 
rate  are  shown  in  Tables  34  and  35  for  the  AM  350  and  Table  36  for  the 
17-7  PH.  The  comparative  slow-loading-rate  data,  obtained  with 
fatigue-cracked  specimens,  appear  in  Table  35A  for  the  AM  350,  and  in 
Table  37,  for  the  17-7  PH.  These  tables  appear  in  Appendix  A.  The 
effects  of  loai'ing  rates  are  shown  graphically  in  Figures  28.  29.  and  30. 
which  follow 
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Figure  28  shows  the  effect  of  the  two  different  loading  rates  on 
shear-cracked  specimens  of  AM  350  sheet  (SCT  -  850  condition,  0.040 
in.  thick).  Apparently,  greatly  increasing  the  loading  rate  had  the 
effect  of  decreasing  the  brittle-to-ductile  transition  temperature  of  this 
alloy.  The  effect  is  evident  for  both  the  net  fracture  stress  and  the 
fracture  appearance. 
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Figure  29  compares  the  effects  of  the  two  loading  rates  using 
fatigue- cracked  specimens  of  the  AM  350  sheet  (SCT  -  850  condition, 
0.040  in  thick).  Here,  generally  the  same  results  are  shown  as  in 
Figure  28,  for  shear-cracked  specimens;  a  lowering  of  the  transition 
temperature  with  increased  loading  rate. 
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The  effect  of  increasing  the  loading  rate  for  17-7  PH  (TH  1050) 
sheet  was  to  "sharpen"  the  net-fracture-stress  transition  temperature 
and  to  increase  slightly  the  fracture -appearance  transition  temperature. 
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2.  Elfeot  of  Tempering  Temperature  on  Transition  Temperature 
of  AISI  4130  Steel  ~ — - - 

It  has  already  been  mentioned  that  considerable  data  have  been 
obtained  showing  that  heal  treatment  (nominal  strength  level)  has  a  pro¬ 
nounced  influence  on  the  crack-propagation  properties  of  high-strength 
sheet  alloys.  Generally,  the  higher  the  nominal  strength  level,  the 
greater  is  the  notch  sensitivity  of  the  material. 

There  are  certain  exceptions  to  this  general  rule.  Srawley  and 
Beachem  (6)  reported  exceptions  in  the  case  of  a  low  alloy  steel,  AMS 
6434.  Another  such  exception  was  evident  in  this  investigation  for 
AISI  4130  steel. 
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In  the  above  figure,  net-fracture  stress  data  and  fi  acUire- 
appearance  data,  obtained  with  shear-cracked  specimens  of  0. 100- 
in.  -  thick  AISI  4130  steel  at  two  strength  levels,  are  plotted  as  a 
function  of  test  temperature.  The  two  nominal  strength  levels  were 
200,000  psi  (obtained  by  tempering  at  825*  F)  and  240.000  psi 
(obtained  by  tempering  at  400*  F).  Here,  it  is  evident  that  the  higher 
nominal-strength-level  material  had  the  lower  brittle-ductile  transi¬ 
tion  temperature. 
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3.  Effect  of  Sheet  Thickness  on  Transition  Temperature  of  AISI  4130 


Steel 


In  Figure  32,  the  crack-propagation  properties  of  two  different 
thicknesses — 0  040  in.  and  0. 100  in.  •-  of  AIS^  4130  sheet,  at  the  240,000 
strength  level,  are  compared;  shear-cracked  specimens  were  used.  As 
wuuiu  uv  expected,  the  thinner  sheet  samples  showed  the  lower  transition 
temperature. 


D.  Comparison  of  Crack-Propagation  Data  Obtained  with  Different  Types 
of  Specimens 


It  was  one  of  the  purposes  of  this  investigation  to  attempt  to 
establish  the  validity  of  a  relatively  simple,  inexpensive  laboratory 
specimen  for  assessing  the  fracture  toughness  of  various  high- str eng t!i 
sheet  materials.  It  '.vaa  felt  that  the  ahcar-ceackcu  aijcdutcu  ■  cpieae.tieu 
an  extremely  promising  design  from  the  standpoints  of  ease  of  production 
and  uniformity  of  notch  dimensions.  It  was  then  necessary  to  check  its 
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validity  by  a  direct  comparison  of  data  obtained  with  shear- cracked 
specimens  and  with  other  specimen  designs  generally  accepted  as 
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Some  directly  comparable  data  were  presented  in  Section  IV, 

C.‘-l  of  this  report  for  shear-cracked  specimens  and  fatigue- cracked 
specimens  of  AM  350  sheet  fractured  at  a  fast  loading  rate.  This 
comparison  showed  that  very  similar  crack- propagation  data  were 
obtained  with  these  two  types  of  specimens.  In  tlie  remainder  of  this 
section,  additional  data,  obtained  with  fatigue- cracked  specimens  of 
a  number  of  sheet  materials,  will  be  compared  with  data  obtained 
with  shcar-cracked  specimens  of  the  same  materials.  The  shear- 
cracked-specimen  data  were  utilized  previously  in  the  section  on 
"Evaluation  of  Crack-Propagation  Properties  of  Sheet  Materials.  " 

The  materials  for  which  fatigue-cracked  specimens  were  obtained 
are  as  follows: 


Material 

Sheet  Thickness,  In. 

Condition 

AM  350 

0.040 

SCT-850 

17-7  PH 

0.040 

TH  1050 

7075  A1 

0.064 

T-6 

7079  Al 

0.064 

T-6 

2024  Al 

0.064 

T-86 

X  2020  Al 

0.064 

T-6 

AISI  4130 

0. 100 

Oil- quenched  from  1700*  F,  tempered 
at  825*  F  for  1  hr 

The  specimens  of  the  thinner  sheet  materials  were  fatigue- cracked  at 
Southern  hesearch  Institute.  The  AISI  4130  steel  specimens  were 
cracked  at  the  Navy  Air  Material  Center,  Philadelphia,  through  the 
courtesy  of  Mr.  F.  S.  Williams. 
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Tho  crack-propagation  data  obtained  with  the  fatigue-cracked 
speciiiiens  arc  shown  in  tables  (Appendix  Aj  and  arc  presented  in 
graphs  v  illi  the  cort'pai  abio  data  from  shear-cracked  specimens. 
The  tables  and  graj.hs  are  identifi^'d  in  the  following  list: 

_ Sheet  Material _ Table  No.  Figure  No. 


AM  350 

35A 

33 

17-7  PH 

37 

34 

7075-T6  A1 

38 

35 

7079-T6  A1 

39 

36 

2024- T86  A1 

40 

37 

X  2020-1  6  Ai 

41 

38 

AlSl  4130  (200,000  psi  level} 

42 

39 

The  figures  showing  the  comparative  data  for  fatigue- cracked  and 
shear-cracked  specimens  of  the  above  materials  appear  in  the 
following  pages. 
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It  is  felt  that  the  data  presented  in  the  foregoing  figures  show  a 
good  degree  of  correlation  between  the  shear- cracked  and  fatigue- 
cracked  specimens  for  these  materials. 


It  should  be  noted,  at  this  point,  that  a  comparison  of  three  types 
of  crack-propagation  specimens  has  been  undertaken  jointly  by  the  NASA 
Lewis  Research  Center  and  the  Naval  Research  Laboratory.  The 
specimen- types  are;  sharp  edge  notched  (NASA),  central  fatigue- cracked 
(NRL),  and  shear-cracked  (SRI).  Three  materials  are  being  used,  all 
nominally  1/16  in.  thick— an  II-ll  steel.  Type  301  stainless  stecl(70% 

Cold  reduced),  and  an  all-bcta  titanium  (B  120  VCA);  two  specimen  widths 
were  chosen — 1  in.  over-al!,  and  3  in.  over-all.  Some  of  the  data 
obtained  ir.  this  joint  effort  have  been  reported  (7,  8)  for  the  H-11  steel 
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ar.u  the  301  ste«!.  The  results  of  ihe  comparison  with  the  B  120  VCA 
art  not  known.  In  general,  this  comparison  tends  to  show  that  the 
shear- cracked  speeimen  is  equivalent  in  sensitivity  to  fatigue- cracked 
specimens  of  H-ll  steel  and  equivalent  to  or  superior  to  edge-notched 
specimens  of  the  H-ll.  The  shear-cracked  specimen  is  less  sensitive 
than  the  other  two  types  of  crack-propagation  specimens  for  the  cold- 
worked  301  steel. 


V.  CONXLUSIONS 

1  Comparisons  made  of  the  crack- propagation  characteristics 
and  biaxial  strengths  of  two  high-strength  sheet  materials  have  indicated 
that  the  cracked  or  notched  sheet  specimen  may  be  useful  for  predicting 
the  biaxial  strength  properties  of  materials  heat  treated  to  very  high 
strength  levels  (probably  greater  than  250.000  psi).  At  strength  levels 
below  about  250.000  psi,  it  seems  probable  that  the  properties  obtained 
with  the  sh.eet-type  crack  propagation  specimens  do  not  reflect  the  biaxial 
strength  properties  of  these  materials. 

2.  Evaluations  of  four  aiuminum  sheet  alloys  for  aircraft  applications, 
made  under  highly  specialized  conditions  of  heating  and  loading,  have 
furnished  a  basis  for  rating  these  materials  as  to  their  relative  resistance 
to  crack-()ropagation.  Of  the  four  alloys  evaluated  under  these  conditions, 
the  X  2020  'r6  was  found  to  be  the  moat  "brittle,"  the  7079-T6  was  found 

to  be  the  least  "brittle,"  and  the  7075-T6  and  2024-T86  were  intermediate 
in  properties  between  the  other  two  alloys. 

3.  In  an  investigation  of  the  effect  of  sheet  thickness  on  the  crack- 
propagation  characteristics  of  AISI  4130  steel,  it  was  found,  as  expected, 
that  increasing  the  sheet  thickness  tended  to  increase  the  transition 
temperature  of  the  material. 

4.  The  effects  of  two  widely  different  loading  rates  on  the  crack- 
propagation  properties  of  two  rather  unstable  precipitation-hardening 
alloys— AM  350  and  17-7  PH— were  investigated.  It  was  found  that  a 
large  increase  in  loading  rate  apparently  may  either  increase  or  decrease 
the  transition  temperature  of  this  class  of  materials,  depending  upon  the 
characteristics  of  the  individual  materials. 
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5.  Comparisons  made  with  shear- cracked  specimens  and  fatigue- 
cracked  specimens  of  seven  sheet  alloys  have  sliown  that  generally  very 
similar  crack- propagation  properties  are  obtained  with  these  two  types 
of  specimens. 


»OU^Mri«M  AKtKAIICH  (NkTlTwrr 


-60- 


BIBLIOGRAFHY 

1.  "Fracture  Testing  i-f  Iligli-SU  ength  Sb&ei  Materials'  A  Report  of 

a  Sperias  AhTM  CtJiiiaiitti'c. "  ASTM  Bulletin,  January  1960.  p.  29. 

2.  J.  F.  Srawlt-y  ;uul  C.  1).  Be.a<*hc!n,  "Crack  Propagation  Tests  of 
iligh-.Strt  titnh  Sheet  Material.^.  Part  III— I  ov/- Alloy  Air-Hardening 
•Steel,"  11.  S.  Xaval  Research  Laboratory  Report  5348,  July  30, 
1959. 

3.  .1.  E.  Srawley  and  C.  D.  Beachem,  "The  Effect  of  Small  Surface 
Cracks  on  Strength,"  Prepared  Di.scussion  Presented  at  Seventh 
sagamore  Conference  on  Ordnance  Materials  Research,  Raquette 
Lake,  Xew  York,  August  l6-i9,  1960. 

4.  J.  E.  Srawley  and  C.  I).  Heachem,  "Crack  Propagation  Tests  of 
High-Strength  Sheet  Steels  Using  Small  .Specimens,  "U.  S.  Naval 
Research  Laboratory  Report  5127,  April  9,  1958. 

5.  Cl  B  Espey,  M.  H.  .Tones,  and  W.  F.  Brown,  "The  Sharp  Edge 
X’otch  Tensile  .Strength  of  Several  High-Strength  Steel  Sheet  Alloys,  " 
Presented  at  the  Sixty-second  .Annual  Meeting.  American  Society 

•  for  Testing  .Materials,  June  21-26,  1959 

6.  J  E.  Srawley  and  C.  U.  Beachem,  "Crack  Propagation  Tests  of 
High-Strengtii  Sheet  Materials,  Part  V  — Air-Melted  and  Consutiode 
A.MS  0434  Steel, "  U.  S.  Naval  Research  Laboratory  Report  5507, 
August  18,  1960. 

7.  W.  F.  Brown,  Jr.  "Mechanical  Screening  Tests  for  Sheet  Alloys,  " 
Presented  at  Seventh  Sagamore  Conference  on  Ordnance  Materials 
Research,  Raquette  Lake.  New  York,  August  16-19,  1960. 

8.  A.  G.  Holms,  "NRL- NASA -SRI  Cooperative  Study  of  High  Strength 
Sheet  Specimens  Intended  for  Measuring  De.sign  Values  of  Crack 
Toughness,"  Prepared  Di.sciission  Presented  at  Seventh  Sagamore 
Conference  on  Ordnance  Materials  Research.  Raquette  Lake,  New 
York,  August  16-19,  1960. 

9.  K.  E.  Caine  J.  M.  Hodge,  R.  D.  Manning,  \V.  J.  Murphy,  H.  J. 
Nichols  and  H.  M.  Reichhold,  "Simulated  Service  Evaluations  of 
Steels  for  Solid- ProjwUnnt  Mirsilo  M  ;tur  Cases,"  TKchtiicat  Report 
Project  N'o.  40  02-070(2)TD263,  Applied  Research  LalHualory, 
United  States  Steel  Corporation,  Mwi.roevillo,  Pennsylvania. 


VOW.  HC»N  MftiAACH  «N«TtTLrt 


ot? 


61- 


APPEXDIX  A 

ita  I'ablcG  C.-nJaining  Standard  Tensile  Properties  and 
rack- Propagation  Properties  of  Sheet  Specimens  and 
the  Burst  Properties  «>f  Model  Pressure  Vessels 
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■■  Table  4 

Fracture  Strength  of  Cracked  Heat-Treated*  AMS  6434  Steel  Sheet 
at  Different  Temperatures 

Specimens  Loaded  to  Failure  at  a  Free  Crosshead-Travel  Rate 

of  C.  01  in.  /min 


Temp 
*  F 

Net  Fracture 
•Stress,  KSI 

Fracture  A 
Percent 

-200 

80.0 

5 

-200 

94.0 

5 

Avg 

87.0 

-175 

119.0 

10 

-150 

134.  C 

40 

-150 

119.5 

lO 

Avg 

126.8 

-125 

211.0 

95 

-100 

212.0 

100 

0 

218.0 

100 

75 

203.0 

100 

150 

207.0 

100 

250 

187.0 

100 

300 

176.0 

100 

400 

172.0 

100 

500 

199.0 

100 

600 

196.0 

100 

1  Austenitized  at  1620*  F  for  30  min  (argon),a*l  quenched;  tempered 
at  400“  F  for  2  hr. 

a  Shear- cracked  specimens  (longitudinal);  overall  width  11/2  in. ; 
thickness  0.064  In. ;  crack- length  to  specimen- width  ratio  0.  35. 
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Table  5 

Tensile  Properties  of  Heat-Treated*  300  M  Steel  Sheet*  at  Different 
Temperatures,  and  at  a  Nominal  Strain  Rate  of  0.0001  in.  /in.  /sec 

Specimens  Heated  to  Elevated  Test  Temperature  Within  10  Sec  and  Held 

for  10  Sec  Before  Loading 


0. 2'7o-Offset  Ultimate  Elong. 

Temp.  Yld.  Str.  Sir.  in  2  in. 

•  F  _ KSI _ _  % 


-150 

265.0 

283.0 

2.0 

-100 

262.0 

287.0 

6.0 

0 

250.0 

278. 0 

3.0 

75 

257.  5 

285.0 

3.0 

150 

258.0 

295.0 

4.5 

250 

235.  5 

273.0 

4.0 

250 

234.0 

278.0 

5.0 

Avg 

234.  8 

275.  5 

4.5 

350 

239.0 

295.0 

4.0 

400 

243.0 

236.0 

4.5 

400 

235.0 

231.0 

3.0 

Avtf 

239.0 

233.5 

3.8 

500 

218.5 

259.0 

7.0 

500 

213.0 

259.  5 

4.0 

500 

214.0 

270. 0 

3.0 

215.2 

262.8 

4.7 

600 

208.0 

242.0 

5.0 

800 

151.0 

183.0 

5.5 

t  Austenitized  at  ICO'.'*  K  for  30  min  (argon),  oil-quenched;  double 
tempered  at  600*  F  for  3  hr  each  cycle. 

3  Longitudinal  specimens  with  gage  sections  2  in.  long,  3/8  in.  wide 
and  0.080  in.  tliick. 
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Table  6 

Fracture  Strength  of  Cracked  Heat-Treated*  300  M  Steel  Sheet* 
at  Different  Temperatures 

Specimens  Loaded  to  Failure  at  a  Free  Crosshead-Travel  Hate 

of  0.01  in.  /mrn 


Temp 
•  F 

Net  Fracture 
Stress.  KSI 

Fracture  Appearance, 
Percent  Shear 

-200 

51.4 

0 

-80 

127.0 

45 

0 

137  .  5 

60 

30 

142.2 

65 

75 

140.  3 

78 

150 

147  3 

100 

250 

132.  1 

100 

350 

111.4 

100 

450 

103.0 

100 

600 

113.5 

100 

800 

164.0 

100 

I  Austenitized  ai  1600"  F  for  30  min  (argon),  oil  quenched;  double 
tempered  at  600  "  !■’  for  3  hr  eat  h  »'ycle. 

*  Shear-cracked  specimens  {longitudinal);  overall  width  11/2  in.  ; 
thickness  0.000  tn.  ;  crack- lcn;:’h  to  specimen-width  ratio  0.35. 
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Table  7 


Fracture  Strength  of  Cracker!  Full-Hard*  Type  301  Stainless  Steel  Sheet* 

at  Different  Temperatures 

Specimciifs  Loaded  to  ^allure  at  a  Free  Crosshcad-Travel  Rate 

of  0.  01  in.  I  min 


Temp 

Net  Fracture 

Fracture  Appearance, 

•  p 

Stress,  KSI 

Percent  Shear 

-200 

178.0 

100 

-200 

180.  5 

100 

Avg 

179.3 

100 

0 

175.0 

100 

75 

174.0 

100 

75 

170.  0 

100 

Avfi 

172.0 

100 

150 

170.0 

100 

250 

ICl.O 

100 

250 

154.0 

100 

Avg 

157.5 

350 

153.0 

100 

450 

147.0 

100 

450 

146.5 

180 

Avg 

146.8 

600 

141.0 

100 

600 

141.0 

100 

Avg 

141.0 

•  Fifty-percent  cold- reduced. 

*  niicar-ri  acked  specimens  (longitudinal);  overall  width  11/2  in.  ; 

thickness  0  046  III.  :  rr»rk- ImiTlh  in  ratic'  0.  35. 


Wi^iAIICM  'Nfcrtri.tc 


Totisiit*  Prupc'i-f Ii*.-!  oi'  Kfa'.'Treau-d*  AI3I4I36  Sit-'ul  Shtret*  at 
Diffpront  Tt  mpcratures,  and  at  a  Nominal  Strain  Rate  of 
0.CC31  in.  /in.  /sec 

Specimens  Heated  to  Elcvr.ied  Tost  Temperature  Within  10  Sec 
and  Held  ro  *  10  See  Before  Loading 


Temp 
“  F 

0.  r.%-<>rfset  . 

Yld.  Str. 

KSI 

Ultimate 

Str. 

Elong. 
in  2  in. 
% 

-200 

245.5 

268.5 

6.0 

-150 

229.  5 

25S.0 

5.5 

-100 

226.0 

247.0 

5.5 

75 

211.0 

239.5 

4.5 

75 

210.0 

242.0 

5,5 

210.5 

240.8 

5.0 

150 

206.  5 

241.  5 

4.0 

150 

201.0 

241.0 

4.0 

203.  8 

241.3 

4.0 

250 

200.  C 

242.0 

3.0* 

300 

2C5. 0 

247.0 

6.5 

350 

203.  5 

253.5 

3.5* 

350 

198.0 

256.0 

4.0* 

200.  8 

254.8 

3.8 

400 

187.0 

24^  5 

6.5 

500 

• 

177.0 

218.0 

6.5 

600 

158.0 

186.0 

6.0 

800 

122.5 

131.0 

5.0 

»  Austenitized  at  1570“  F  30  min  (argon)?  oil* quenched;  tempered  at 
400'  F  for  2  hr. 

^  Longitudinal  specimens  with  gage  sections  3/8  in.  wide,  2  in.  long 
and  0. 042  in.  thick. 

*  Specimen  fractured  at  gage  point.  _  _ 

VOUTMrWN  tNr.TfTLTi: 
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Table  9 

Fractiiff'  Strength  of  CraeKed  !Ieat-Trcaled*  AISI  4130  Steel* 
a?  Differ^nr  Tempcrat'irep 

Speruvicns  loaded  to  Failure  at  a  Fi'ee  Crosshead-Travel 
Rate  of  0.01  in. /min 


Temp 

Net  Fracture 

Fracture  Appearance, 

“  F 

Stress  KST 

Perc’p.t  Shear 

-225 

186.5 

90 

-200 

105.5 

95 

-200 

197.0 

95 

Avt! 

196.3 

-150 

222.5 

100 

-100 

218.0 

100 

0 

212.5 

100 

75 

200.0 

100 

75 

202.0 

100 

Av-r 

201.0 

150 

183.0 

100 

250 

174.0 

100 

350 

152.0 

100 

350 

155.0 

100 

Avg 

153.5 

450 

176.0 

100 

600 

192.5 

100 

600 

189.0 

100 

Avfi 

190.8 

800 

142.0 

100 

I  Austenlti/.ed  at  1570*  F  for  30  min  (argon);  oil  quenched;  tempered  at 
400“  F  for  2  hr. 

*  Longitudinal  shear-cracked  specimens;  overall  width  11/2  in.;  thickness 
0.042  in. :  crack-length  to  specimen- width  ratio  0.35. 

«r%»AfirM  iN»TtTi;:c 
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Table  10 

Properties  of  Heat-Treated*  AM  350  Stainless  Steel  Sheet* 
^  at  Different  Temperatures  end  at  a  Nominal  Strain  Rate  of 


3.0001 

in. 7* in.  /sec 

I  , 

O.27o-Offset 

i 

Ultimate 

Elong. 

Temp 

Yld,  Str. 

Str. 

in  2  in. 

“  F 

KSI 

fif 

-200 

213.5 

222.0 

16.  5 

-150 

200.0 

222.0 

16.5 

-  75 

188.5 

214.0 

16.0 

0 

168.8 

188.5 

15.5 

75 

174.0 

196.0 

12.0 

150 

162.5 

187.  5 

9.5 

250 

156.0 

183.0 

9.0 

350 

147.8 

176.5 

S.O 

450 

140.8 

174.5 

8.0 

600 

136.0 

1C8.2 

6.5 

800 

129.0 

170.0 

8.5 

‘  Solution- treated  at  1725'  F  for  30  min  (argon),  water- quenched; 
refriperated  at  -105"  F  fer  3  hr;  aged  at  850"  F  for  3  hr. 

Loiipilinlinal  ^iM-riinens  with  gage  sections  2  in.  long,  3/8  in.  wide, 

r%  #  J  ^  ^  t  *  '  • 

w.  vnv  in.  iiiicrw. 

•ourHCNfti  iNA^irurr 
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Table  11 

II i  Si  I'fite'Fi  •<f  Sli'  «.•!  - Crat'ki-d  fli’at-Treated*  AM  350  Sheet 
at.  Dil't'erent  Tciriperatures 

Specirnen.-r'  I..oaded  tf>  Failure  at  a  Free  Crosshoad- Travel 
Kate  of  0.01  in.  /min 


Temp 

Met  Fracture 

Fracture  Appearance, 

’  F 

Stress,  KSI 

Percent  Shear 

-215 

99.0 

0 

-200 

109.0 

0 

-110 

145. 0 

40 

-100 

169.0 

95 

-  50 

199. 5 

100 

0 

199.0 

100 

75 

190.0 

100 

75 

187.5 

100 

Avi' 

188.8 

150 

183.5 

100 

250 

176.5 

100 

350 

172.0 

100 

450 

159.5 

100 

450 

158.0 

100 

Avg 

158.8 

600 

149.0 

100 

800 

138.0 

100 

800 

145.0 

100 

Avg 

141.5 

I  Solution  treated  at  1725'*  K  for  30  mtn  (argon),  water- quenched; 

refrigerated  at  -105*  K  for  3  hr;  aged  at  850*  F  for  3  hr. 

>  Shear-cracked  apecimens  (longitudinal):  over-all  width  11/2  in. ; 
thickness  0.040  in. ;  crack- length  to  specimen- width  ratio  0.35. 


«OUTHtl»N  fUftlAMCM  iN«TITUTC 


Table  12 


Tensile  Properties  of  Heat-Treated*  17-7  PH  Stainless  Steel  Sheet* 
at  Different  Temperatures,  and  at  a  Nominal  Strain  Rate  of 
O.OGOl  in.  /in.  /sec 


Temp 
“  F 

•  0. 2%-Offset 

Yld.  Str. 

KSI 

Ultimate 

Str. 

Elong. 
in  2  in. 
% 

-150 

195.  5 

208.0 

9.0 

-100 

183.  5 

190.5 

2.5’ 

0 

168.  5 

179.5 

8.5 

75 

179.0 

184.5 

8.0 

75 

175.0 

184.2 

Avfi 

177.0 

184.4 

8.0 

150 

177.0 

184.0 

8.0 

250 

181.5 

189.0 

5.0 

350 

164.8 

172.0 

4.5 

400 

165.0 

172.5 

4.0 

500 

158.5 

167.4 

3.5 

600 

152.  2 

159.8 

3.0 

800 

132.0 

139.5 

4.5 

>  TH  1050  condition;  1400*  F  for  90  min;  cooled  to  SO*  F  for  80  min; 
held  at  1050*  F  for  90  min. 

*  Longitudinal  specimens  with  gage  sections  3/S  in.  wide.  2  in.  long, 
and  0.040  ;n.  thick. 


tNUTirurc 


*  Specimen  fractured  oi*»9ide  gage  section. 
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Tab)<;  13 

Fraftiiro  Strcnjrtw  Shtav  Cracked  17  -7  PIl’,  SiaiiileBs  .Seed  Shrot" 
.-jt  |>;;Ti  rcr\t  Temperatnros 

S[)f'<'iinens  Loaded  to  Failuie  at  a  Free  Crosshead-Travel 
Rate  of  0.01  in.  /min 


Temp 

Nf*:  Fr.'irturc 

Fracture  Appearance, 

•  F 

.Stress,  KSr 

Percent  Shear 

-200 

87.5 

0 

-200 

94.8 

0 

Av« 

91.2 

0 

-150 

111.0 

0 

100 

130.5 

0 

-100 

134.5 

0 

Av« 

132.5 

0 

154.0 

10 

75 

168.0 

30 

75 

167. 8 

30 

Avt; 

168.9 

150 

177.0 

65 

250 

177,5 

85 

350 

167.5 

100 

350 

168. 5 

100 

Av^ 

167.0 

400 

170. 0 

100 

450 

163.5 

100 

500 

155.5 

100 

0AA 

WV4/ 

146.3 

100 

»OUTMtl»H  IN»T'Tl,l« 
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T.Thli-  1 3  (Confiniipd) 

Fracture  SireuK.}!  of  Shear- Cracked  17-7  PH*  Stainiesa  Stef»1  Sheet® 
at  DiCerent  Temperatures 

Specimens  I.aaded  to  Failure  at  a  Free  Crosshead-Travel 
Rate  of  0.01  in.  /min 


Temp 

Net  Fracture 

Fracture  Appearance 

*  F 

Stress.  KSI 

Percent  Shear 

800 

142.0 

100 

800 

142.0 

100 

A  v(> 

142.0 

*  TH  1050  oondition=-1400*  F  for  90  min;  cooled  to  50*  F  for  60  min; 
held  at  1050*  F  for  90  min. 

*  Shear-cracked  specimens;  over-all  width  1  1/2  in.;  thickness  0.040 
in.  ;  crack-length  to  specimen-width  ratio  0.35. 


•OWTMCIVN  HttfcAIICH  INbTlTUTt 


-74- 


Table  14 

Tensile  Propertii-s  of  Heat-Treated*  AISI  4130  Steel  Sheet* 
at  Different  Temperatures  and  at  a  Nominal  Strain  Rate  of 
0.  0001  in. /in. /sec 


0.  2%-C)ffset 

Ultimate 

Elong. 

Temp 

Y!d  Str. 

Str. 

in  2  in. 

"  F 

KSI 

% 

-150 

197.5 

210.0 

5.5 

-145 

192.5 

207.0 

2.0 

-100 

189.  8 

210.0 

5.0 

-100 

195.0 

215  0 

4.  5 

Avff 

192  4 

212.  5 

4.8 

-50 

187.0 

209.5 

6.5 

-50 

197.5 

204  5 

5.5 

Avr 

192.3 

207.0 

6.0 

75 

184.8 

203.0 

4  5 

75 

ISC.O 

198.8 

4.5 

Avg 

183.  4 

200  9 

4.5 

150 

177  3 

197.4 

4.5 

150 

183.0 

200.  5 

4.0 

Avg 

180.2 

199.0 

4.3 

250 

lt)3.0 

189.8 

4.5 

250 

174.5 

194  5 

4.0 

Avg 

168.8 

192.2 

4.3 

350 

168.8 

194.6 

5.0 

350 

1G7.8 

190.8 

5.0 

Avg 

167.3 

192.8 

5.0 

450 

164  5 

190.3 

7  0 

450 

161  5 

190.3 

6  5 

Avff 

1  n 

lan  » 

6.  S 

K>urMciv«w  pr^LAUcw  ri 
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T.ibit;  14  (Continued) 

Tensile  Properties  of  Heat-Treated*  AISI4130  Steel  Sheet* 


at  Different  Temperatures  and  at 

a  Nominal  Strain  Rate  cf 

0.  0001  in.  /in. 

/sec 

0.  2%- Offset 

Ultimate 

Elong. 

Temp 

Yld.  Str. 

Str 

in  2  in. 

•  F 

KSI 

% 

600 

151.0 

179.  5 

11.0 

600 

145.0 

175.0 

10.5 

Avg 

148  0 

177.3 

10.8 

*  Austenitized  at  1700  ‘  F  for  68  min  (neutral  atmosphere), 
niJ -quenched;  tempered  at  825  ‘  F  for  1  hr. 

*  Standard  tensile  specimens  with  gage  section!?  2  in  long, 
0.375  in.  wide,  and  0.  100  in.  thick. 


MUTHCie*  •rscAM.H  mveTorc 
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Table  15 

Fracture  Strength  of  Shear-Cracked  Heat-Treated*  AISI  4130 
Steel  Sheet*  at  Different  Temperatures 

Specimens  Loaded  to  Failure  at  a  Free  Crosshead-Travel  Rate 
of  0.  01  in.  /min 


Ttiup 
’  F 

Net  Fracture 
Slre.'=;.s.  KSI 

Fracture  Appearance. 
Percent  Shear 

Kci 

KSI  xplT. 

Kes 

KSI  •\jln 

-150 

85.  5 

0 

83.0 

-150 

Avg 

86  0 

85  8 

0 

82.5 

84.0 

-120 

145.0 

5 

— 

150.5 

CO 

1 

1B2  0 

40 

181.0 

-50 

185  0 

100 

-50 

Avg 

181.5 

133.3 

100 

231.0 

75 

171.5 

100 

201.0 

229.0 

75 

Avg 

172  1 

171  8 

100 

200 

163.0 

100 

218.0 

200 

A 

*  •  •  H 

165.  5 
164.3 

100 

300 

150.0 

100 

mm 

300 

Avg 

146.3 

148.2 

100 

• 

365 

149.5 

100 

193.0 

365 

Avg 

150.5 

150  0 

100 

194.0 

450 

171.5 

100 

mm  ' 

450 

Avg 

165  9 

170  7 

100 

— 

— 

MUtMCKN  UtMAIICH  IflkTITbtt 


-77- 


■;  ;  Ij.i  In  (Ct.rsini!-  li) 

i-'-Mr J'i re  .>LriT.r-,r'’',  o'"  li  Ili'r.t- 'i‘iv'r.!(>n’ AtSf  4130 

S  C'  !  ?•;!' ;  •_  ’  ti.  iV.  .  ?;•  AC;  rp--. 

Spppim''ns.  J-rvaci  •(;  t  ■>  Fail'-irp  a:  ;•  Frt- ’  Crospliend-Travel  Rate 

of  0.  1  in.  /in,  /rnin 


Temp 
'  F 

\V'r  i*‘rar*?ijr* 
S'nt^ss,  KoF 

F raciurc  Aj)pcarari(:e 
Pc -cent  Shear 

KSI  MET 

Kcj 

KSI  AfmT 

600 

176.3 

100 

600 

176.  5 

100 

— 

Avg 

176.  4 

‘  Austenitized  at  1700  '  F  lor  G8  min,  oil-quenched;  tempered  for 
1  hr  at  825*  F. 

3  Lhear  cracked  spovimen.'-;  over-all  width  2.  6S  in.  ,  thickness 
0.  100  in.  ;  initial  crack  length  1  00  in. 


lOUtMCWN  IK»Tltt.»t 
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Table  16 

I  2 

Tcnnilt'  Prript  r'ieE  c>f  Heat-Trea^od  ATSI  4130  Steel  Sheet  at 
nifff'r.  n'  Temperatures,  and  at  a  Nominal  Strain  Rate  bt 
0  0001  in  /in.  /sec 


Temp 

0.  2®!.- Offset 
Ykl.  Str. 

Ultimate 

Str. 

Elong. 
in  2  in. 

O  *^<1 

K 

SI 

% 

-140 

219.0 

247  0 

7  0 

-50 

219.0 

257.0 

5.5 

8C 

206.0 

238.  5 

6.0 

229  0 

262.0 

7.5 

350 

212  5 

246  0 

7.0 

450 

183  0 

222.5 

6.5 

*  Austenitized  at  1700'  F  for  1  hr  (argon),  oil-quenched; 
tempered  at  400“!''  fur  1  lir. 

*  Longitudinal  specimens  with  gage  sections  2  in.  long,  3/8 
in.  wide  and  0.  100  in.  thick. 


KiitAMCM 


Tnbi-'  17 


Fr-'i'-turr  St r<  •".'■‘h  t't’ Sfn- tr- CiTii  kfti*  MSI  4130  SU’cI  Shcft* 

ti!  IJifftTont 

Sppcitiictis  to  Fuilurit  at  a  Free 

Cro.s.si'.fcui-  rrav«'i  Kaio  of  0.  01  in.  / initi 

Fracture  TouRhueMs, 


Temp 
"  i- 

Ivi  i  Fr.ii  liiro 
.Slr»-.-:s.  XSl 

ra  1 1  ri‘  A  i  >pea  r .'i n c  e , 
Fi’rn  r.t  Slie.'ir 

ivr-) . 

KSI  \  in. 

-175 

OG  3 

10 

98.  5 

-150 

130.  5 

50 

148.0 

-150 

126.0 

40 

140. 0 

Avr 

128  3 

144.0 

•100 

194.0 

OS 

255  0 

-50 

UG  5 

100 

267.0 

0 

1%,  5 

100 

271.0 

00 

191  5 

iUU 

257.  0 

80 

187.0 

100 

252  0 

Avr 

109  3 

254  5 

250 

17G.  5 

100 

224.0 

350 

157  5 

100 

199.  5 

350 

145.8 

100 

184  5 

Avr 

151  7 

191.5 

■150 

176  5 

100 

244.0 

*  LoriRitiKtinal  shear  cracks'll  speeimuiis,  2.65  in.  ovt*r-nl!  width. 

0.  100  in.  lltirk,  c  ra<  k-U*iiBtli  to  specimen-width  ratio  0.  38. 

1  Ausfeniti/cfl  at  ITOC^F  for  1  hr,  oii-quorichcd;  tempered  at  400*  F 
f..i-  1  hr. 


ftOUVMCWH  Hr^SfAINtM  tN1»T irt  f «. 
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'fjlhH*  lo 


rr.ilf'  pt'i'.npi’tiV'a  cf  Iffat-Tfoatf.'il*  .MSi4340  Steel  Sheet*  at 
Different  Temperatures  and  at  a  Nominal  Strain  Rate  of 
0  0001  in.  /i:i.  /sec  . 


0.27,-Offset  Ultimate  Elong. 

Temp  .  Yld.  Sir  Sir. i;i  2  in. 

“ F  KSi  % 


-140 

245.0 

-140 

240  5 

•\vg 

242  8 

-50 

238.0 

50 

240  5 

Avg 

239.3 

80 

230.0 

80 

230  5 

Avg 

230  3 

250 

204  0 

250 

200.0 

Avg 

202.0 

350 

214.0 

350 

215.0 

Avg 

214.5 

450 

188.2 

450 

188.2 

Avg 

188.2 

282.0 

6.  5 

277.  5 

7  0 

279.  8 

6.8 

277.0 

6.5 

282  5 

6.  5 

279.8 

6.  5 

279.  5 

6.0 

278.5 

6.0 

279  0 

6.0 

266.  5 

4.5 

269.0 

4.0 

267.8 

4.  3 

272.0 

5,  5 

273.0 

5.  5 

272.5 

5.5 

249.  5 

9.0 

241.  5 

8.0 

245.5 

8.5 

‘  Austenitized  at  1000"  F  for  30  min  (argon),  oil-quenched; 

double  tempered  at  400*  F  for  2  hr  each  cycle. 

2  Longitudinal  specimens  with  gage  sections  2  in.  long,  3/8 
in.  wide,  and  0  064  in.  thick. 


SOUTHtPN  RESEARCH  INSTITUTE 


-81- 


F 

f.u  turf*  .St rcrig; 

!j  of  S.ic 

‘or-  Crackeri' 

'  AI.Sr4340  Stec!  Sheet* 

•if  niffei 

rent  TtMnpcj 

atiires"  ' ■  ■ 

.  .  i.'.-nii 

tre  It  a  Free 

Ci'i'issl 

lead-'l’i 

icel  !?:!tc  -f 

0.  01  ill.  /iVtiVi 

Fracture  Toughness 

Tf'mp 

Net  I’r.u-t.trc 

Fr.-eri 

1  Appenra 

r  ee ,  l^ct ' 

“F 

Si  rr.s.s.  KSl 

_ TV 

'i  t  c-nt  Shear 

-200 

82.  1 

0 

57. 0 

-200 

76.4 

0 

- 

Avg 

79  2 

-lOU 

109,0 

30 

32.  5 

-50 

150.0 

70 

120.0 

-50 

135  5 

50 

—  ■ 

Avg 

142.8 

0 

174.  7 

95 

160.0 

80 

183  0 

100 

175  0 

80 

187,  3 

100 

_ 

Avg 

185.  2 

250 

175.0 

100 

162.0 

250 

172.  5 

100 

— 

Avg 

173.8 

350 

142.  0 

100 

135.0 

350 

149.  5 

100 

— 

Avg 

145.8 

500 

194.  5 

100 

192.0 

500 

186.0 

100 

Avg 

190.  3 

1 


3 


Specimens  s 
n  nuA  .1- 

til.  b(4 


ihcar-rracked  by  usual  meihod;  i.  5  in.  over-all  width, 
icl;,  crack- in  iineu- wiuLu  ictLIoS.ao. 


lleat-f rc-atcd  a.s  follows:  austenitized  at  1600“ F  for  30  min  (argon) 
oil  quenched;  double  tempered  at  400“  F  for  2  hr  each  cycle. 
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Inljk'  IDA 

Fracturr  S’rpn^th  -'-f  Shpar-CrsY-kcH^  AISI  4340  Steel  Sheet* 
a:  Dirft-ieiii  'I'emijcralures 

Spi  cirii'Mis  Foaded  to  Fniltiro  at  a  Free 
Cfosshe.ad-Travel  Rate  of  0.03.  in  ’ /rain 

Fracture  Toughness, 


'['enit) 

Net  Fracture 
Strcs.s,  K.SI 

Fracture  i\p|if*araiice,  . 
Percent  .Sliear 

Kcj, 

KSI\  in. 

-200 

07  .  3 

0 

47.  5 

-100 

106.  3 

10 

76.6 

-50 

123.  5 

45  ■  ■  ■ 

96.0 

0 

138.  6 

95 

121.0 

80 

152.5 

100 

141.0  . 

250 

150.0 

100 

138.0 

350 

118  6 

100 

107.  5 

1  Specimens  shear-cracked  and  then  rolled  flat  to  eliminate 
protrusions;  1.5  in.  over-all  width.  0.064  in.  thick,  crack- 
Icngth  to  specimen- width  ratio  0.38. 

2  Heat  treated  as  follows:  austenitized  at  1600“  F  for  30  min  (argon) 
oil-quenched;  doub’e  tempered  at  400“  F  for  2  hr  each  cycle. 
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i  fii.-'-ilt  rriipi'i'fifs  Ilf  InffK  fiJ  X  / 

T-  .,..  n  Vonvnni  Su-nin  Unto  of 

0  unOi  r.  /ii;.  /pc‘1' 

tipt'Ci.rcns  irt>n*,  fi  .m  Ll-vatfri  Tost  Tomperaturo  Wnh- 
10  Soc  and  Hold  10  fjyc  neforc  Loading 


0.  ■  Lfitiiruiic 

Temp  Str.  Sir. 

KSI  ^ 


Kiong. 
in  2  in. 
% 


j  -100 

116  5 

165.0 

23.0® 

1  ° 

10&.  5 

157.  3 

27.0 

'  75 

75 

Avg 

116.0 

118.0 

117.0 

153.0 

157.0 

155.0 

22.0® 

26.0 

150 

114.0 

148.0 

25.5 

250 

109  0 

150  3 

24,0 

350 

106  5 

148.0 

26.  5 

400 

107.  5 

148.0 

26.0 

500 

105.8 

145.5 

26.0 

600 

104.  5 

144.2 

26.0 

800 

105.8 

141.0 

26.0 

1000 

105.8 

137.5 

25.0 

‘  Aged  at  1300' F  for  20  hr. 

*  Longitudinal  specimens  with  gage  sections  3/8  In.  wide  2  in 
long  and  0.  064  in.  thick.  ' 

^  Jpecimen  fractured  outside  cage  section 


t  2 

Fractufc  Sin-nfi'li  f'f  Sii- .1  r- Cra''k<’d  fiu’fincl  X  Shrot 
a‘  n'ffct  i-i>' 

Snrciaii'ns  ’.(laHcd  to  Failure  .it  a  Fcec 
(.'rcHShi'rui  'I'ravc-I  Kate-  f)f  0  01  in.  /min 


'I'otni) 

Net  l■■t•ac^llrt’ 

Fracture  Appearance, 

"  F 

.Stiiss,  KSi 

Percent  Shear 

-200 

130.  0 

100 

200 

140  0 

100 

Av}.- 

13^  5 

-150 

137  5 

100 

-100 

137  5 

100 

-100 

136  3 

100 

Avg 

136  9 

0 

134.  0 

100 

75 

131  0 

100 

75 

132.  5 

100 

Avg 

131. a 

150 

130  0 

100 

250 

127.  5 

100 

350 

126  0 

100 

350 

126.0  . 

100 

Avg 

126  0 

400 

126.0 

100 

500 

124.  5 

100 

600 

125.0 

100 

600 

122.0 

100 

A  ir<r 

n 

123.  5 
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Table  22 

Fractiifo  Strength  of  Shear-Cracked^  Heat  Treated*  AISI  4340  Steel 
Sheet  at  Different  Temperatures 

Specimens  Loaded  to  Failure  at  a  Free 
Crosshead-Travel  Rate  of  0.  01  in.  I min 

Fracture  Toughness, 


Temp 
“  F 

Me:  Fracture 
Stress,  KSI 

Fracture  Appearance, 
Percent  Shear 

^C3  ‘ 

ksiaH 

-100 

129  0 

40 

108.0 

-50 

158  5 

7C 

159  0 

-20 

168  0 

85 

183  0 

0 

1710 

95 

205  0 

75 

181.0 

95 

198.0 

*  Austenitized  at  1600“  F  for  40  min,  oil-ejiienched;  tempererl  at 
425*  F  tor  2  hr. 

*  Shear- cracked  specimens  were  1.  87  in  wide,  0. 120  in.  thick; 
nominal  crack  length  0.  63  in. 
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T.thlp  2H 

Tensile  Properties  of  7075-T6  Aluminum  Alloy  Sheet’  at 
Different  Temperatures,  Holding  ’fimcs,  and  at  a  Nominal 
Strain  lime;  of  0.  1  in  /in  /sec 

Spccimitit!  Heated  to  test  Temperature  Within  5  See 


Tim«>  at 

0.  2%  -  Off.se  t 

Ultimate 

Eloag, 

't’emp 

Temp 

yid  Str 

Str. 

in  2  in. 

.  j. 

Si;'' 

KSI 

% 

75 

_ 

71.2 

80.5 

10.0 

75 

— 

71.0 

79.8 

10.  5 

Avg 

71  1 

80.  2 

10.3 

200 

0 

69  0 

76.2 

10  0 

200 

0 

68  3 

75.7 

8.0 

Avg 

68  7 

76.0 

9  0 

200 

1800 

66.8 

76.3 

9.0 

200 

1800 

69.  1 

77.4 

9.0 

vg 

68  0 

76,9 

S.O 

300 

0 

60  5 

84.  5 

7.0 

300 

0 

61.  1 

65.8 

7.5 

Avg 

80  8 

65.2 

7.3 

300 

1800 

62  0 

68  2 

7.5 

300 

1800 

67.9 

69.1 

8.5 

Avg 

65.0 

68.7 

8.0 

400 

0 

50.9 

52.1 

5.5 

400 

0 

51.6 

53.8 

5.5 

Avg 

51  3 

53.0 

5.5 

400 

1800 

45.2 

47.5 

6.0 

400 

1800 

44  4 

47.0 

6.0 

Avg 

44  8 

47.3 

6.0 

Longitudinal  specimens;  gage  section  2  in.  long,  3/8  in.  wide  and 
0.  063  in.  thick. 


1 
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i'r.if!  irc 

St 

igth  r  /i: 

LO' .  ' 

C'tMrki’ 

d  7075  'rO  .Alii.ir.nnni  .All' 

i'  a:  ! 

jinV-retit 

'I'OO'. 

pc  ^UVM 

re.'-;  and  llniding  'I'iaics 

opi 

r.K  ili-.-i'i 

eil  'o 

rc';l!)c 

ritinn'  W  ithin  5  .Sec 

.SjR'. 

in  •-•n.'-;  F 

'i 

li  I•■;t 

ilure  in  0.  1  .Sec- 

T 

Tcni|> 

T.-l.l! 

it 

^  Nc 

:  Kr.' 

■ti’.ro 

Kracturc  Tc^iighnt  .ss. 

i' 

So( 

Si 

*<  i-i  S » 

KS! 

KSI’f  in. 

7.3 

03  2 

73.  0 

75 

70  0 

— 

Avg 

G9. 1 

— 

200 

0 

65  2 

65.9 

200 

0 

71  0 

Avg 

68.  6 

— 

200 

1800 

74.8 

200 

1800 

72.  2 

— 

Av'g  , 

73.  5 

— 

3fao 

\  0 

63.4 

63.9 

300  \ 

.  0 

61.8 

— 

Avg  ^ 

62.  6 

—  . 

300 

1800 

61. 1 

... 

300 

1800 

66.4 

— 

Avg 

63.8 

— 

400 

0 

55.  5 

54.7 

400 

0 

54  9 

— 

Avg 

55.2 

— 

400 

1800 

51.0 

400 

1800 

52.7 

— 

Avg 

51.9 

‘  Longitudinal  spt-eimens;  1  5  in.  over-all  width,  0.G63  in.  thick, 
crack- length  to  specimen- width  ratio  0.  38. 
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Table  25 

Tensile  Properties  of  V079-T6  Aluiviipuin  Alloy  Sheet*  at 
Different  '1  einpera tores ,  Holding  Times,  and  at  a  Nominal 
Strain  Hate  of  0.  1  in.  /in.  /sec 

Specimens  Heated  to  Test  Temperature  Within  5  Sec 


Time  at 

0.  2%- Offset 

Ultimate 

Elong. 

I'emp 

Temp 

Yld  Str. 

Str. 

in  2  in. 

"  F 

See 

KSI 

% 

75 

54.5 

64.4 

.  9.0 

75 

— 

56.0 

65.1 

7.0 

Avg 

55.3 

64.8 

8.0 

200 

0 

63.3 

69.7 

8.0 

200 

0 

62.9 

70.7 

10.5 

Avg 

63.  1 

70. 2 

9.3 

200 

1800 

58.9 

66.6 

9.0 

200 

1800 

63.3 

70.2 

9.5 

Avg 

61. 1 

68.4 

9.3 

300 

0 

58  6 

63.3 

6.  5 

300 

0 

60.  5 

65.6 

6.5 

Avg 

59.6 

64.5 

6.5 

300 

1800 

55.2 

64.5 

11.0 

300 

1800 

56.4 

64  4 

11.0 

Avg 

55.8 

64.5 

11.0 

400 

0 

44.6 

48.0 

6.0 

400 

0 

44.8 

47.7 

8.5 

Avg 

44.  7 

47. 9 

7.3 

400 

1800 

39.1 

41.5 

7.0 

400 

1800 

36.2 

39.6 

7.0 

Avg 

37.9 

40.6 

7.0 

*  Longitudinal  apccimems:  R'’ge  section  2  in.  long.  3/8  in.  wide  and 
0.063-in.  thick 


MSUfMCWN  l*C«^tAltCM  iNiTtTUrii 


Fractiii'c  Strength  of  Shear-Cracked  7079-T6  Aluminum  Alloy 
Sheet'  at  DifA.Tcnt  I  onipcmatures  and  Holding  Times 

ope<  iincns  Mf-aied  to  'I’empcratiire  Within  5  See 
Specimens  Loader!  to  Failure  in  0.  1  Sec 


Tf-mp 

•f 

Time  at 
Tcrr.p 

Sec 

Met  Fracture 
Stress.  KSI 

Fracture  Toughness,  K^j, 
KSI\|  in. 

75 

67.9 

70.1 

75 

- 

65.2 

- 

Avg 

66.  6 

- 

200 

0 

59.  4 

60.2 

200 

0 

59.8 

- 

Avg 

59.6 

- 

200 

1800 

57.8 

200 

1800 

60.  C 

- 

Avg 

59,2 

- 

300 

0 

60.2 

60.  5 

300 

0 

57.8 

- 

Avg 

o9.0 

- 

300 

1800 

61.0 

300 

1800 

60.6 

— 

Avg 

60.8 

- 

400 

0 

53.6 

56.0 

400 

0 

52.9 

-  • 

Avg 

53.3 

- 

400 

1800 

52.8 

400 

1800 

52.9 

Avg 

52.9 

— 

'  Longitudinal  specimens;  1 . 5  in  over- all  width.  0.  063  in.  thick, 
i  r  ack- length  to  specimer.- width  ratio  0.38. 
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Tahlp  27 

Tc'nr.ile  Pronrrtirs  fif  2024-T86  Altiminmn  AUi^y  Shf*f*t*  at 
Different  Teinperaturos,  iioiding  Times,  and  nt  a  Nominal 
Strain  fir.fv*  of  0.  1  in,  /in.  /see 


Sppcimon.s  ffeated  to  'Test  Temperature  Within  5  See 


Temp 
^  !•■ 

I'inie  :it 

T  "  m  ti 

S«-»‘ 

0.  2%  Offset 

Yld.  S'r. 

K.ST 

Ifltimate 

Str. 

Ekmg. 
in  2  in. 
% 

75 

69.  5 

71.4 

5.0 

75 

— 

68  2 

75.5 

5.0 

.Avg 

68  9 

73  5 

5.0 

200 

0 

67.4 

69.1 

4.5 

200 

0 

71.0 

72.6 

5.0 

Avg 

69.  2 

70.9 

4.8 

200 

1800 

65.  6 

67.2 

5.0 

200 

1800 

69.  5 

70.1 

5.0 

Avg 

67.  C 

68.7 

5.0 

300 

0 

64  0 

65.3 

4.0 

300 

0 

65.0 

66.1 

4.0 

Avg 

64.  5 

65  7 

4.0 

300 

1800 

66.  1 

68.1 

5.0 

300 

1800 

65.0 

66.6 

5.0 

Avg 

65.  6 

67.4 

5.0 

400 

0 

59  3 

59.9 

4.5 

400 

0 

57.  1 

58.5 

4.5 

* 

58.  2 

59.2 

4.5 

400 

1800 

52  4 

53.4 

5.5 

400 

1800 

55.  5 

56.7 

5.5 

Avg 

54.0 

55.1 

S.5 

•  Longitudinal  specimens;  gage  section  2  in  long,  3/8  in.  wide. 
0.  063  in.  thick. 
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I 

r  iVihl.'  28 


t! 

r 

f 

I 


j’r-.u-iin'f'  S’renji'h  Df  Slu-.ir- f'rncki-d  2024-T86  Altsininiinn  Allny 
5;h  of'  nt  n!ffr‘r»*nf  and  rinldiri;(  Timns 

SiK-finicns  Hratcd  to  Temperature  Within  5  Sec 
Spoeiinens  Loaded  to  Failure  in  0.  1  Sec 


Temp 

-L- 

'1  iiiie  nt 
Temp 

Sc'- 

Nei 

Stress.  KSl 

Fracture  Toughness 
FCSI'Jlh. 

75 

73.  5 

80.  0 

75 

- 

71.1 

_ 

Avr 

72.3 

— 

200 

0 

68.0 

72.2 

200 

c 

66  8 

Avr 

67  4 

— 

200 

1800 

63  5 

200 

1800 

66.4 

— 

Avr 

65  0 

— 

300 

0 

60  2 

62.  8 

300 

0 

64.0 

— 

Avr 

62.1 

— 

300 

1800 

63.8 

300 

1800 

50.  0 

— 

Avr 

61.4 

— 

400 

0 

58. 1 

61.0 

400 

U 

55.8 

— 

Avr 

57.0 

- 

400 

1800 

58.3 

400 

1800 

56.  5 

Avr 

57.4 

— 

1  R 


crack 'length  to  specimen- width  ratio  0.  38 
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M4t  V.VW  &M4 


•,v*.  M»M-.  tNSrtTLlt 


-Q3- 


Table  2f> 


fensilo  F’rcperties  nf  x2020-T6  Aluminmr;  Alloy  Sheet*  at 
Difir'rcp.t  'I'emperatures,  Holding  Times,  and  it  a  Nominal 
Strain  Rate  «)f  0  1  in.  !in.  fscc 


Spprimcn.s  Heated  to  Test  Temperature  Within  S  Sec 


Terrif) 

T  ii.ne  at 
Temp 
Sec 

0  2%-Offset 

VId  Str. 

KSI 

Ultimate 

Str. 

Elong. 
in  2  in. 
% 

75 

69.5 

71.2 

4.5 

75 

— 

70  0 

71.2 

4.5 

Avg 

69.8 

71.2 

4.5 

0 

68.  1 

72.6 

5.5 

200 

0 

63.9 

72.3 

5.  5 

Avg 

68.  5 

72.5 

5.5 

4t\JU 

1300 

C4  1 

67.4 

5.0 

200 

1800 

63.  3 

65.7 

4.5 

Avg 

63.7 

66.6 

4.8 

300 

0 

62.9 

67  6 

5.5 

300 

0 

64.8 

63.7 

6.5 

Avg 

63  9 

68.2 

6.0 

300 

1800 

57.8 

61.6 

5.5 

300 

1800 

58  2 

63.4 

5.5 

Avg 

58.0 

62.5 

5.5 

400 

0 

54.0 

55.0 

4.0 

400 

0 

55.5 

56.5 

4.0 

Avg 

54.8 

55.8 

4.0 

400 

1800 

50,0 

51.8 

5.0 

400 

1800 

52. 1 

54.3 

4.0 

Avg 

51.1 

53.1 

4.5 

1 

^  III  ♦ 

0  063  in. 

...  - 

thick 

TiCtt.i'p  ocCitUll  A  Ul.  lUtli(,  OfO 

in.  wiae. 

-'OU^MCHS  irVrTlTl  ft 
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Tablc  30 

J'rnct'ire  Sirt?ng*h  ot  Shcar-Cracked  X2020-T6  Aluminum  Alloy 
Siiuet*  at  Different  Temperatures  and  Holding  Times 

Specimens  Heated  to  Tt-mperalure  Within  5  Sec 
Specimens  Loaded  to  Failure  irt  0.  1  See 


Temp 

•  li’  ' 

‘  1  1 

'l  ime  at 
Temp 

Sec 

Net  Fracture 
Strcs.s,  KSI 

Fracture  Toughness,  Kca, 
KSIXTIiT 

75 

58.3 

57.0 

75 

—  . 

55.5 

Avg 

56  9 

- 

200 

0 

54.4 

52  1 

200 

0 

60.0 

— 

Avg 

57.0 

— 

200 

1800 

55.0 

200 

1800 

55.8 

Avg 

55  4 

— 

300 

0 

58.6 

56.8 

300 

0 

55.0 

Avg 

55.8 

— 

300 

1800 

58.4 

300 

1800 

53.0 

Avg 

55.7 

— 

400 

0 

48.0 

46.0 

400 

0 

48.2 

Avg 

48.1 

— 

400 

1800 

51.8 

400 

1800 

54.0 

Avg 

52.9 

— 

-  Lorigiiudinai  specimens;  1.  6  in.  over- all  width,  0.063  in.  thick, 
crack-length  to  specimen-width  ratio  0.  38. 
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Table  31 


Bursi  Bropertics  of  AIHI  4130*  Model  Vessels*  Fractured 
af  Different  'Jemperatures 


Temp 
“  !• 

Hurst 

Pl'eSSUl'e,  psi 

TIoop 

Stress,  KSI 

Fracture  Appearance 
Percent  Shear 

-160 

9630 

235.0 

75 

-105 

9700 

236.0 

90 

-105 

9400 

228  0 

90 

-105 

9300 

226  0 

90 

Avg 

222.0 

-5 

9100 

221.  5 

IOC 

6 

9100 

221.5 

100 

75 

9600 

234  0 

100 

75 

9100 

222. 0 

100 

75 

8850 

215.0 

100 

Avg 

223.  7 

200 

8950 

218.0 

100 

200 

8800 

214.0 

100 

200 

8600 

209.0 

100 

Avg 

213.0 

365 

8500 

207. 0 

100 

365 

8000 

195.0 

100 

365 

9000 

219.0 

100 

Avg 

207.0 

Heat  treated  as  follows:  austenitized  at  1700“  F  (neutral  atmos¬ 
phere)  for  68  min  total  time,  oil-quenched;  tempered  at  825"  F 
for  1  hr. 

2  Vessels  were  seamless,  205  cu  in.  bottles;  nominal  wall  thick¬ 
ness  0. 105  in. 
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Tal)!o  32 


no 

,\TST  1130*  Model 

Vesseiti*  Fractured 

fferent  Temperatures 

'I  Cmp 

Bur. St 

IJoop 

Fracture  Appearance, 

'  !■ 

Prcs.su re.  psi 

Stres.s.  KSI 

Percent  Shear 

105 

12,100 

294  0 

75 

-105 

12,900 

315.0 

70 

-105 

12,900 

315.0 

75 

Avk 

308.0 

80 

12,200 

296  0 

95 

80 

12.500 

304.0 

95 

80 

12,300 

295.0 

S5 

Avr 

299.  7 

'  Heat  treated  as  follows:  austctiitized  at  1700°  F  (neutral  atmos¬ 
phere)  for  CG  iiiiii  total  time,  oil-quenched;  tempered  at  400°  F 
for  i  nr. 

2  Vessels  wort!  seamless,  205  cti.  in.  bottles;  nominal  wall 
thickncs.s  0.  105  In 
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Table  3a 


Burst  Pi'operiies  of  AISI  4340*  Model  Vessels*  Fractured 
at  Different  Temperatures 


^t53SC  1 

•T' .> 

M  i.  ntjj 

Burs? 

Hoop 

Fractui'e  Ap 

No. 

‘  F 

Pressure,  psi 

S'.iess,  KSI 

Percent 

,\-6 

-105 

15,300 

292.  5 

95 

B-14 

-105 

14.500 

60 

A-3 

-105 

95 

A-10 

-105 

15.300 

5!95  5 

95 

B-4 

-105 

251.5 

A-4 

-105 

294.4 

95 

B-12 

-105 

14, 500 

95 

A-7 

-20 

15,800 

299.0 

95 

A-2 

-20 

A-8 

■20 

280.0 

B-8 

20 

95 

B-3 

-20 

15,600 

294.  5 

95 

B-9 

-20 

15,300 

289.  5 

90 

B-16 

75 

13,700 

253.8 

95 

A-9 

75 

14,700 

273.  5 

90 

A-1 

75 

15,400 

95 

B-7 

75 

95 

A-5 

75 

100 

B-1 

75 

14, 600 

276.  5 

'  Oil  quenched  from  1600°  F;  tempered  at  425*  F. 

2  Vessels  were  seamless,  3.  52  in  in  diameter,  cylindrical  section 
9.5  in  long;  wall  Ihickticss  nominally  0.  095  in.  (varying  from 
about  0.  088  in.  to  0. 102  in.  ). 
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Tsble  34 

Frnc-iuro  Strenffth  of  '•^h'^ar  Cracked  AM  350*  Stainless  Steel  Sheet' 
at  Different  Temperatures 

Specimens  Loaded  to  failure  at  a  Rapid  Rate  to  Produce 
P'racture  in  0. 1  Sec 


Temp 

Net  P'racture 

Fracture  Appearance 

’  I- 

Stress,  KSI 

Percent  Shear 

-225 

122.0 

40 

-225 

84.3 

40 

103  2 

-200 

220.  5 

90 

-200 

216.0 

90 

Av" 

218.3 

-100 

211.5 

100 

-100 

218.  5 

100 

Avf>, 

215.0 

0 

214.5 

100 

0 

213.0 

100 

Avj; 

213.8 

75 

213.0 

100 

75 

211.5 

100 

AvK 

212.3 

200 

195.5 

100 

200 

197.0 

100 

Avg 

196.8 

400 

181.5 

100 

400 

184.0 

100 

Avk 

182.8 

Soluliul'i  li'eaiC'u 

dl  1  •  i*  illlii  \ci 

iKuii),  watcr-quencheu; 

refrigerated  at 

-105“  P  for  3  hr;  aged  at  850“  F  for  3  hr. 

Shear- cracked  specimens  (longitudinal); 

over-al!  width  11/2  in.  ; 

thickness  0.  040 

in.  :  crack-length  to  specimen- width  ratio  0.35. 
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1  able  35 

Ft  .'i-r  ttu  c  Strength  of  Fatigue-Craekpd  AM  350'  Stainless  Steel  Sheet* 

at  Differetil  Temperatures 

Specitnens  Luadetl  U.  Failure  at  a  Rapid  Rate  to  Produce 
r'raclm  e  in  0.  1  Sec 


Temp 

Net  Fracture 

Fracture  Appearance 

S 

Strcs.s,  K.SI 

Percent  Shear 

-225 

155.0 

50 

-225 

96.8 

45 

Avg 

125.9 

-200 

202.  5 

95 

200 

192.0 

90 

Avg 

197.3 

-100 

201.5 

100 

0 

202.0 

100 

0 

205.0 

100 

Avg 

203.  5 

75 

205.5 

100 

75 

198  5 

100 

Avg 

202. 0 

200 

197.0 

100 

200 

198.0 

100 

Avg 

197.  5 

400 

182.0 

100 

400 

182.0 

100 

Avg 

182.0 

*  Solution  treated  at  1725"  F  for  30  min  (argon),  water- quenched; 

refrigerated  at  -105"  F  for  3  lii-;  aged  at  850"  F  for  3  hr. 

9  Fatigue-cracked  specimens  (longitudinal);  over-all  width  11/2  in.  ; 
thickness  0.040  in.  ;  crack-length  to  specimen- width  ratio  0.35. 
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Fracture  Strengtti 

of  i'atigue-Cracked  Heat- 

Treateil*  AM  350  Sheet' 

at  Different  Temneraturoo 

Specinieiis  Loaded  to  Failure  at  a  Free 

Crnsshead- Travel 

Rate  of  0.01  in.  /min 

Temp 

Net  Fr.acture 

Fracture  Appearance, 

“  F 

Slres.s.  KSI 

Percent  Shear 

-200 

93.  5 

10 

-200 

158.5 

10 

-2U0 

69. 0 

0 

Avk 

107.0 

-P5 

145.0 

30 

4 

A-*'* 

197.0 

100 

0 

201.0 

100 

75 

188.0 

100 

76 

179. 0 

100 

Avg 

183.5 

250 

188.0 

100 

150 

169.0 

100 

1  _  -  ' 

*  Solution  treated  at  1725”  F  for  30  min  (argon),  water- quenched; 
refrigerated  at  -105”  F  for  3  hr;  aged  at  850"  F  for  3  hr. 


*  Fatigue-cracked  specimens  (longitudinal);  over -all  width  1  1/2  in.  ; 
thickness  0.040  in.  ;  crack- length  to  specimen- width  ratio  0.  35. 
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.  .  .  ■■■  ■  Tab’e  3,6 

Fracture  F.'.rpng'.h  of  Fatigue-Cracked  17-7  PH*  Stainless  Steel 
5;'icc!®  at  Di'rerent  Temperatures 

Specimens  Loaded  to  Failure  at  a  Rapid  Rate  to  Produce 
Fracture  in  0.  1  See 


Temp 

1 

Net  Fracture 
.Stre.ss,  KSi 

Fracture  Ap 
Percent  : 

-225 

85.3 

0 

-225 

71.8 

0 

78.5 

-200 

153.8 

0 

-200 

157.5 

0 

Avg  , 

158.2 

-100 

165.7 

5 

-100 

166.4 

5 

Avg 

166.1 

0 

161.8 

10 

0 

163.3 

10 

Avg 

162.5 

75 

164.2 

30 

75 

161.5 

30 

Avg 

162.9 

200 

158.0 

60 

200 

151.0 

60 

Avg 

154.  5 

400 

145.  5 

100 

400 

151  0 

100 

Avg 

148.3 

ihjegr 


*  TH  1050  condition— 1400“  F  for  90  min;  cooled  to  50"  F  for  60  min 

hnlH  n«  lO^O*  p  QO  rr.ir. 

Longitudinal  fatigue-cra<  ked  specimens;  over-all  width  11/2  in.  ; 
thickness  0.040  in. ;  crack-length  to  specimen-width  ratio  0.  35. 
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P'r-arvjro  Strengtii  of  Fa Uirti*'- Cracked  l7-7  PH'  Siainle.'is  Steel 
Shee:*  ot  Different  Tcmpcrcttirea 

Spoeimcns  Loaded  t:i  Failure  at  a  t^ree  Crosshead-Ti'avcl 
Rate  of  O.Ol  in.  linin' 

Net  r'l'.TCttirc  rrurtiifiv  Ai'pcriiCkiiCci 

\  -  Srr-ss,  KSi  Percent  Shear 


.225 

134.0 

0 

-200 

128.0 

0 

-200 

146.0 

0 

Avu 

137.0 

-100 

169.0 

0 

- 100 

151.0 

0 

Av!t 

160.0 

0 

158.0 

5 

0 

159.0 

10 

Avr. 

158.5 

re 

161.0 

40 

75 

1G4  .  5 

40 

A 

162.  d 

200 

158.5 

80 

200 

157.0 

80 

Av;', 

157.8 

300 

154.5 

100 

300 

160. 0 

100 

Avg 

157.3 

40C 

155.0 

100 

400 

154.0 

100 

Avg 

154.5 

GOO 

141.0 

100 

■;  TH  intin  f •  f .»>*■! i * ii tn  — 1400'*  p  on  to  50*  F  for  CO  min; 

held  at  10i>0“  K  for  90  inin. 

*  Lonifiiudinal  fatigue-eracked  specimens;  over-all  width  11/2  in.  ; 
tliiekness  0.  040  in.  ;  cr;u  k- length  to  specimen- width  ratio  0.  3.*i. 
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'rahi?  3S  ’ 

F;  ;!f  turc  S'.ronr'fh  .-,f  P at Iflue- Cracked  7075-T6  Aluminum  Alloy 
Stieitt*  at  Different  Tempera  litres 

Spi-eiineiis  !fi  'li  at  T«;na,j«  t-atii re  for  1800  Sec  Before  Loading 
Specimens  Loaded  to  Failure  in  0  1  Sec 

Teiap  i\ot  I-'racfure 

"  F  Stress,  KST 


/;• 

•j-i,  ( 

7:j 

Cl  0 

^■^.L 

04.4 

200 

70.1 

200 

70  0 

,\v.. 

70  1 

200 

CO  0 

300 

03  4 

A  VC. 

Cl  7 

•100 

43  C 

» 

*V  tV 

ro.2 

\V:: 

49,4 

IiOii;>itudinal  speenr 1, 5  in  .ivrr-all  width;  0.063  in.  thick 
('rack -ler.g til  to  spot  itnen- width  ratio  0.35  to  0.  40. 
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Table  39 

Fraebire  Sti  onj?th  of  Fatigue- Cracked  7079-T6  Aluminum  Alloy 
^!icet‘  2*  Different  Temperntures 

Specimens  Held  at  Temperature  for  IttOO  Sec  Before  Loading 
Specimens  Loaded  to  Faili'.ro  in  Q  1  See 


Temp 

Net  Fracture 

'‘F 

Stres.s,,  KSI 

io 

64  3 

75 

61.6 

Avg 

63.0 

200 

65  0 

200 

63.  5 

Avg 

64.  3 

300 

64  4 

300 

59.4 

Avg 

61.  9 

400 

50.  5 

400 

49.2 

.Avg 

49.9 

*  Longitudinal  specimens;  1.5  in.  over-all  width,  0.063  in.  thick, 
crack-length  to  Specimen- width  ratio  0.  35  to  0  40. 


•NSTiTure 


Tahift  40 


Fracture  Strength  of  Fatigue -Cracked  2024-T86  Aluminum  Alloy 
Sheet* at  Different  Temperatures 

Specimens  field  at  Temperature  for  1800  See  Before  Loading 
Specimens  Loaded  to  Failure  in  U.  1  Sec 


Temp 

Net  Fracture 

'■  K 

Stre.ss,  KSI 

75 

68  3 

75 

69.1 

Avg 

68.4 

200 

65.9 

200 

58.6 

Avg 

62.  3 

300 

64.0 

300 

61.6 

Avg 

62.  8 

400 

60.0 

400 

5G.3 

A  vf* 

58  2 

>  Longitudinal  specimens,  1.5  in.  ovcr>aIl  width.  0.063  in.  thick, 
crack- length  to  specimen- width  ratio  0.  35  to  0.  40. 
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Tahii’  42 

2 

Frrit‘tiir«‘  Stct'nrrMi  of  Fati{iu<’'Crscked*.. 'MSI  4130  Steal  Sheet 
at  Difft'ronf  Teiniicratures 

Spofinien;;  r.oriHod  to  Failure  at  a  p-ree 
Ct  o.vshead-I'i  avel  Rate  of  0.01  in.  /min 

F r:s eture  Appearance, 
IVrcent  Shear 


0 

35 

90 

100 

100 


100 

100 


I'JO 

100 


100 

100 


‘  Longitudinal  (^j'ci  iiiu  ns  with  s!it..»r- cracks  initially  0  6  in. 
long,  extoffierj  tty  nxini  f.atiguc  loadin.^.  Over-all  specimen 
A'idMi  2.  05  in.  ,  over  ail  eracl:  lengths  from  0.90  in.  to 
1.00  in. 

*  Auntenitized  at  1700“  F  for  68  min,  oil -quenched;  tempered 
ill  625"  F  for  1  hr,  (nominal  tensile  .strength,  200.000  p.si). 


Ti  rip 

Net  Fr.ifl 

"  t.' 

.stres.=;. 

-155 

03  C 

-100 

155  0 

-50 

ICG.  5 

0 

170  0 

0 

174.  8 

Avg 

172.  4 

80 

ICO.  5 

00 

172.  5 

Avg 

166  5 

250 

150  5 

250 

14;{  K 

Avg 

152.  7 

350 

146  5 

450 

157.  5 
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Ar»*K"Dni  n 

Clictiiical  Analyst-s,  lX,Jth  of  Decat  hurizafioT)  Measurements, 
nnc!  Fnciiislon  r<iiints  oiv Samples  from  AlSj  4340  Steel  Vessel's 

It  is  not  within  the  scooo  ot  this  program  to  present  an  exhaustive 
investigation  of  the  inicrostructure  of  thr  AISI  4340  steel  pressure 
vessels  usr.d  in  the  correlative  studies.  However,  it  is  quite  likely 
that  the  burst  properties  of  these  vessels  were  to  sqmc  extent  affected 
by  surface  decarburization  known, to  be  present  in  the  sheet  stock  from 
which  the  vessels  were  fortned.  Therefore,  depth  of  decarburization 
n'.easiiremei  .ts  wt^ie  ttiaiie  on  a  sample  from  t’etch  vessel.  Ana  to  give 
some  added  insight  into  the  burst  behavior  of  these  vessels,  it  was 
thought  desirable  lo  have  chemical  analyses  made  on  a  few  vessel 
samples  for  phosphorus,  sulfur,  nitrogen,  oxygen,  and  hydrogen  so 
that  the  range  of  content  of  lliese  elements  in  the  vacuum- remelted 
stocl:  could  be  established..  The  results  of  the  chemical  analyses  on 
four  vessels,  and  depth  of  decarburization  measurements  and  inclusion 
counts,  .-nade  on  samples  taken  near  the  fracture  initiation  sites  in  all 
of  the  vessels  are  presented  in  tabular  form  in  this  Appendix.  The 
burst  properties  of  the  vessels  arc  also  given  again  in  these  tables  so 
that  a  direct  comparison  with  decarburization  depth  can  be  made. 
Samples  for  the  decarburization  examinations,  cut  from  the  fracture 
initiation  area,  were  about  3/4  iri.  .square  and  were  mounted  and 
polished  for  niicrohardness  n-ieasurements.  A  microhardr.sss  traverse 
was  made  across  the  thickness  of  each  sample  about  1/2  in.  from  the 
fc-acturc  surface.  Samples  for  chemical  analyses  were  taken  at  a 
location  adjacent  -o  the  metallographic  samples. 

! 

^cmic^  Analyses  on  Vessels 


N  O  F 


Vessel 

%P 

.%S 

ppm 

A- 5 

<0.01 

0.007 

106 

40 

3.7 

A-6 

<0.01 

0  007 

116 

35 

2.2 

B-14 

<0.01 

0.007 

123 

25 

3.3 

B-16 

<0.01 

0.006 

129 

65 

2.3 
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D<;<'!<rbi!riEn*i'in  Dopth  ai-.d  Iiicltision  C’l'unis 
on  Samples  Taken  Near  F'-acture- Initiatiun  Sites 


Decarburization  Depth, 
in.  (Microhard.noss 

Traversew)  ASTM  Frarmre 


Vessel 

Inner  Wail 
Surface 

Outer  Wair 
Surface 

Inclusion 

Hating* 

Appearance, 
%  Shear 

Hoop  Stress 
at  Burst,  psi 

Kvaluatinn 

Temperature, 

.\-6 

0. 0U32 

0.0010 

D-l-T 

95 

292, 500 

-105 

B-14 

0.0140 

0. 0040 

U-l-tl 

60 

269,000 

-105 

A-3 

0.0150 

0.0152 

D-l-H 

95 

308, 500 

-105 

A-10 

0.0140 

0.0032 

D-l-n 

95 

295,500 

-105 

B-4 

0.0100 

0. 0030 

D-2-T 

80 

251.500 

-105 

A-4 

0. 0220 

0. 0040 

D-l-T 

95 

294.000 

-105 

B-12 

0.0020 

0.0010 

D-l-II 

95 

280,000 

-105 

A-7 

0. 0.300 

0  0132 

D-l-H 

95 

299,000 

-20 

A-2 

0.0132 

0.  0040 

D-l-H 

90 

301.000 

-20 

A-8 

0.0130 

0.  0048 

D-2-H 

90 

280, 000 

-20 

H-8 

0.  0240 

0  0040 

D-l-H 

95 

287,000 

-20 

B-3 

0  0132 

0.0070 

D-2-H 

95 

294,000 

-20 

B-9 

0  0020 

0.  0040 

D-l-H 

90 

289,000 

-20 

B-16 

0.  0040 

0.  0030 

D-3-H 

95 

253, 800 

75 

A  9 

0.0040 

0.0196 

D  1-ri 

90 

273, 500 

75 

A-1 

0.  0024 

0.  0032 

A-l-H  A- 

D-l-H 

95 

289,000 

75 

3-7 

0.  0021 

0.0040 

.A-l-H  & 

D-2-H 

95 

272,000 

75 

A- 5 

0  0224 

0,0088 

D-2-H 

100 

278,000 

75 

B-1 

0.0100 

0.0050 

D-l-H 

90 

276,000 

75 

ASTM  nc?!lip'..Ttion:  E  45-51;  method  "A",  worst  field. 
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It  sef'tns  probable  from  the  foregoing  clat.i  \  •' 
ciation  can  be  made  between  depth  of  decarbur  icnti'' . 
of  the  vessels.  However,  it  can  be  pointed  our  tha;  vo  t 
the  lowest  burst  strengths  (B-14,  B-4.  and  B-Ki/,  •■ic 
burization  was  slight  to  moderate,  not  exceerii  V  0.  01  If. 
and  in  all  three  vessels  the  depth  of  decarburia  i'k  i'  <>'"  > 
not  exceed  0.  0040  in. 


r-  i 


.  •  f 


..  T*  v*"  to  r.cte  t’lot,  isi  the  './■  .• 

analyses  were  made,  the  inclusion  counts  are  c  j  ;  st 
contents.  For  example,  vessel  B-16,  which  i.'ad  i. 
tent,  also  had  the  highest  oxide- inclusion  ra;iTig; 
the  oxygen  content  was  rather,  low  (25  ppm),  had  a  • 
oxide- inclusion  rating. 
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